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started in geologically recent time, posswbly 1e han one million-
Years ago. However, an esti mated °’*'o rate o’ 8 4 cm/vr "uggP ts

“that typical island arc structures are rapidly evoly ng in_this_region. ——mmemm— -

Similar seismic and pre-seismic rnovernems within thq, .fC'Cd.‘. regions
on the 1960 Chilean and the 1964 Ala 5kan rnt.oatnrustu, a1tho ugh bzsed
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of these regions suggests 'hat IrequenL monitoring of s;ram buildup

can provide an improved measure of ear thqua-\e risk in these znd other

reg

sions of underthrusting.”

-The fault-motion during the 19446 Nankaido ez quake Bs inferred
from geodetic data was predominvantly, if not entirely, dip-slin. The

rupture propagated almost 300 km southwest from the epicenter along
can inferved strike of N70°F and extended well beyond the limits of the
aftershock zona. The leadlno ecge of the inferred fault is assq umed to

break the surface on the inner wall of the Nankai’trough- In order to |

fit the data faults modeled as compound dislocations must be used. The

r

earthquake, from the 1890's to tx @ 1920's strain increased 2t 2 constant



rate. Following the earthquake a compnlax pattern of movements

.

continued for about three years at rapidly decaying rates. These -
movements can be explained by reversed slip on nearly the entire fault

surface that ruptured during the -earﬂ;q,u_e_t_ke..,and..b_}_f..~d.e.1.ay.e-d-;forwavl—'-dwslip' -

on the deeper portions of the fault, Mechanically these movernents are

interpreted as a response to underdamped slip on shallow portions and

overdamped slip cu deeper portions of the faull surface &t the tire of

the mainshock,



INTRODUCTION

"The earth above the low velocity zone is divided into a number

of large plates that in general move away from active ridges and

toward island arcs [McKenzie and Parker, -1967; Morgan, 1968; -~

Le Pichon, 1968; Isacks et'al., 1968]. _Al_thdugh"the?roés’ motion of

these plates on a time-scale of millions of yvears closely approximates-

rigid body motion [see e. g. _"I._,e_ if’ic—hod_’,_ 1903] 'th-e seis::'n:icit'y within. and
on_bo‘undéries of these pIaté'é_ requires’ sforage ofre.la:stic epergy for

periods of'.tens".to hundr.e-ds df.yea:rs;, i. e, the ‘clme va_l.‘ the recurrence
of most -"e'a:'rthqua'kes' of _l'a'r.geh nﬁégﬁitudg. “The rél_eése 6f‘é1astic.éfzergy

most often occurs near the frictional contacts between the major p

delineated by narrow zones of shallow earthquakes see e. g, Barazanei
¥ . q g g

and Dorman, 1969].

Lo
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often thought of as an elastic rebound. The original rebound theory,

Y

illust;-ated in Figure 1A, was pré)pose‘d by Reid [1910] to -expla;n strike~
slip moverients on the section of the San Andreas fault thet ruptured
during the 1906 San Francisco e'arthquaké. This theory, applied -to
strike-slip movements on a vertical fault, érédicts that pre-seismic
and seismic movements are anti—symfﬂétricalyxitﬁ; ,respect‘ to the fault -

trace and that pre-seismic movements are opposiie in sense to seismic

movements.  The sum of these movements is equivalent to a rigid

By

translation of one side of the fault with respect to tha other,
. Te . . " - I)

Movements inferred from several geodetic surveys that cross the

P . . L



San Andreas fault zone support-tse elastic rebound theory. Ho;_i,zorltal

movements accompa nying several ea’-tnqua <es. located \mtmn thlS

[ ]

fault zone, the most famous of which is 'the San Francis co earth‘c-uake

) 91'1‘_3_(_)6‘, fit ‘displacerln_ent'. fields Acenerated by~feu1t modelsﬂoa.:ed on- tne
theory.of elasticity [M, 1910; Kas_ahara 1958 \,hmner\[, 1961;
Walsh, 1969]. . Several sections of thie;ault zone have been surVeyed'
during time intervals tnat do not 1nc1ude earthqhaxes o% ldrce majom‘cude
[ Whitten, 19"8 1955, 1938 and 1960; I—jofrpann 1908] Shear éaralle_l '.

to the fault zone inferred from these data is _in general bpposi"ce in

sense to shezr releaqeo during. earwquc.kes -as predlcted by the theory

Scholz and Fitch [1909 and 1970] show thakt in"gener.al.I’)::e—s:evis.mic
movements Such as tnese are equlvalent >to movementsAgenerated by
virtual slip in the o;;pe51'te sense to the real slip:_tha_t o-ce.u_r's,a-t_: the time
of the ea-r.thquaﬂke.-
In this paper a reboﬁnd. mechanism for underu.-rﬁetmc 51m11a*

- to t‘nat illustrated in Figure 13 is inferred fronl"'mea's,urements of
vertical and horizontal movements in soum'v'est Jcoae assoc1ateq Wi

- the 1'946 Nankaido earthquake (qure 2) ‘These date, -frofx'l reéeated

- surveys during the last 100 years, are unique in that date of similar :
completeness are not now and will not in the ‘neer ‘futur_e be available
for other ‘reg'ions of underthrusting. Such regions 'ieclnde tl;xe c':onve:_x:-:

.

51des o; most if not all active island arc anq arc-like eructures [Isacks
gy S22 ERS

et al » 1968], as mFerred from numerous atuche: of eartnqua_ke mech-

anisms; Stauder and Bollinger [1061 and 1‘3662.] for_ the "A'leﬁtian;




Isacks et al. leb9] for the Tonga -Kermadec; Mohar and Q*yke [1969]

: for the middle America; Katsumata 'and Sykes [1969-],for the Ryukyu;

and Fitch [1970] for the Sunda and Phili pp1ne arcs- AT-hese'rAegions of

plate convergence and un\neruhrvotmc contain the most actwe O.L the -

ea'rth's seismic zones'a'nd include the focal regions of the largest

known ear‘chquakeé such as the 1960'Chilean and 1964 Alzskan earth-

qﬁakes [Plafker and Sa\_r'age, }970; éavagé and.Ha;stie; ) "1966;j reséect—
ively]. Movements on largé megathrusts su;:-h as-these trigger most
of the world's large tsunamis. Thus ipsight"i‘nto the mechanism of
underthrus_ting in southwest Japan contributes to a general under—'
stand‘ing bf source regiomns for some c;f the moré wide—sp;“ead of
natural disasters. - O o L

In contrast to most zones of underthrusting southx;vest Japan
adjacent to-thé Na.nkai troﬁ.gl;l (}“igure 2) does not hgve the stru_cturél -
fe:atures common to weH—developed island arcs. Unlike .the rés-t of
Japan; this region did not become part of the late Cenozoic island

-

arc system [Matsuda et al., 1967] that is still active in northeast

Japan (Honshu island arc) adjacent to the Japanese trench (Figure 2)
and in extreme southwest Japan (the northern end of the Ryukyu

island arc). The deep and intermediate depth earthqﬁakes beneath

scuthwest Japan are not contiguous with the shallow seismicity

paralleling the Nankai trough; instead they appear to lie within seismic

—

zones that are inclined beneath the adjacent island arcs [see e.g.,
g 2Tt T o

Katsumata and Sykes,.1969]. Soutnw est Japan also contrasts with



typical island arcs by the absence of active volcanism as shown in.

- w~—relative convergence between the Philippifie Sed anid Asian plates.

Figure 2. However, in addition to the geodetic evidence for under-

[ 4

thrusting in this paper there is other evidence in this region for

» .

Deformed sediments near the inner wall of the Nankai trough [E}_lf:’_é

et al., 1969] and two mechanism solutions from shallow earthquakes

[Katsumata and Sykes , 1969 ] located béneath the adjacent continental

slope are suggestive of a thrust contact between f_hese plétes.
Movements on opposite sides of the underthrust illustréfé‘d‘ in

Figure 1B, in contrast to movements generated by slip on a vertical

fault, are not symmetrical by‘any' relationship; although-as in the case

of slip on a vertical fault pre-seismic movements are opposite in sense

to seismic movements. When comparing rebound mechanisms
illusirated in Figure 1 it should be noted that the horizontal scale for
the strike-slip movements is normally tens of kilometers (since:seismic-

activity on nearly vertical faults such as the San A.ndrea_s‘ is shallower

than 20 km) while the scale for underthrusting is hundreds of
. o .

kilometers.
The strike-slip and underthrusting sequences in Figure lare.
analogous sequences that obey rebound theory. Neither sequence’is

a complete tectonic model of faulting. For examnle underthrusting

=== .

requires 2 sink for the underthrust material. In'terms of plate tec- -

tonics the asthenosphere, a proposed layer of weakness relative to the.

overlying lithosphere [Isacks et al., 1968] acts as Sﬁ;h a sink beneath

N



time of two'of-the largest recorded earthguakes

convergent plate boundaries such as that 1nferred along the Nankai urouoﬂ

FUrthermore, it will be shown that simple underthrusflnc 1llus rated in

Figure 1B must be modified to account for upllfted.mallﬂe ter races w1th1n'f=

-the focal regions of the 1976 Nankaido earuhquake [see e.g., Watanabe, -

~——1932 ;~and—Yoshikawa~ ecwal 1964]-and~o»her recht mevauhrusts, 'fj‘f“‘”

In 2 recent paper Mogl [1970] also recoonlzed tne coasequences of

underthrusting by a rebound mechanism. He snowed that the'neu magnluude and

direction of horizontal movements throughout Japan for approximately the

last 50 years can be correlated with the oecurrence-or absence of major

-underthrusts on the inner walls of the Japan ese urench ahd Vankai-trouch"

during that period. - Wrom the hOPlAOQtal moveﬁenta 1n southwest Jaoan
(also discussed in this paper) he concludeS'that the 1946 Nankaido'earth},

uake was a megathrust. Sugimura [versonal communication] pointed out
& & ! . . e e

that Sawamura [1953 and 1954] propoeed'a.Similar mechanism to;explain

vertical movements within the focal region of this earthquake. Hewever,_

he did not attempt to fit these data Quantitatively to fault models as

" is done in this study.

Prlor to this study vertlcﬁl and hOPLZOUtal movements at the

,Aprovlaedbuhe most direct

evidence for, underthrusting of oceanic lithosphere [Savage and Hastie, 1966;

Plafker and Savage, 1970; Hestie and Savage, 1970]. Within each focal
region there was evidence for underthrﬁsting from composite cross—
sections of wvertical movements G*ene rated at the time of the earuhquax
In addition, horizontal movements in south - centrallAlaska provided
conclusive evidence for a large component of-thrust faulﬁing during the

1964 earthquake - [Parkin, ~1969].  The only dire

+L %\‘Fa'(’ /0/4,,Adt7 ((064> G’“C/ ¢/“-ﬂ‘ C’d"~éf?f‘:

[ 1562
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evidence for movements along the entire length of each rupture was:
uplift or subsidence of the shoreline. Geodetic data on pre- and post-
* ‘ - ’ i E )

seismic movements are totally lacking or at best sketchy'for' both :

focal reclons, alEnouOh geomorpholoomal ev1de nce shows that coastal SN

»

regions of southeast Alaska subsided for hundr__eds of. y'ears pr_io'r"t_c.i

uplift at the time of the 1964 eartbq ke [Plafker and Rubin, 1967].

In general little is known of the mechanism of strain accumuiétion or .' .
the details of strain release in these re'giICSns..-‘:

In contrast to Alaska and Chile large -area-s- of SOuﬁhxé'ést Japan
have bgen surveyed several tirnes beginning with a léveling aﬁd -
tr1an0ula£10ﬂ survey in the late 1800‘5- [ Geoarapm cal Sarv*ey Ir*st1tute
Aof Japan 1952 1954, 1955 a*xd 1967]. An_vex‘;'ensi'vel nebvork o'f flI'St
order level lines was résprveyed three times in ﬁhé last VIOO yeérs.:

In 1950 a second survey lof thg triapgulé_tion'network szs' hccfripleted.' In
éddition to the precise geodetic measurements mgaﬁ-s;a—lé\;els were
determined 2t tide gauge stations, sSome of ;w}'lich were in .dperation
before 1900 [ Hayashi, _19;70}. Measﬁred uplift and- s.ubsidence of‘ coast .
lines is known for the latest vNanka‘ido earthquake of 1946 as well as for_
those of 1767, ahd11854. The seismic his tory of soutﬁwest Ja;%an
:[Irharnura, 1928; Kawasumi, 1951; Mat‘uzawa: .1964]'include.s six seismic
) episodgs since the 14th -century t‘hat..w‘érensimilar to the activity in _.the~

mid-1940's, i.e., either a short series of regionally destructive earth-

.

quakes located on the continental slope.or a single such event. The

average recurrence time for these episodes is 118 T 22 vears: ‘There
g _ , y :

<

- . s
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“are records cf sirailar earthquakes from 2

[}

ezrly as the 7th century;

howcver,_the recurrence tirme for those events is nearly 200 years.

The longer recurrence time may not be real, e.g., some events

reporued as only 1ocaP} destructive may have been realonafﬂy destruc-

/ N — i e et e

tive [ see e. g. Tmamura, 1928] . Coastal terraces'résulting from .

similar earthquakes meay be thought of as 2 recor of pa‘eoseLs ricity

“that in a crude sense can be traced back tens of thousa ands of years |
% / ’ - / ’
[Watanabe , 1932, 1948, 1959 Yo:u 1kawa et al. , 1964; Yonekura , 1908]




Itwill be showﬂ that the seismic movements during the 1946
Naﬁiiaido earthquake were generated by»slip o; a complex thrust faﬁlt
that 1s .infcl:rred to"intersect.t'he surifa-,ce' near the 1.b.a.se' of the conf{néntai
sl.c_q?fé ." 'Z_[’é_e‘pre':-—seimnic deformation is -'eXpla.iﬁeld#by. stra1naccu§ngla:jclon ,
equiv’aie.nt to a virtual dislocation with the'e-wsa-rhe‘ o-rviér;tatién. ;;the f;lﬁlt
surface but a sense opposife to that of the real. -dislocation that ccurred

at the time of the earthquake. Adjustments by slip along':the fault surface

and extensions of that surface can account for the post-seismic movements:

SEQUENCE OF MOVEMENTS AT MUROTO POINT -
| . The sequence of moverhenfs related to th‘e Naﬁké-{do -e»a-rt‘ﬁqué.ke
6f 1946 occurred in t}.u"ee distinctAstageé, a pre—seisr{ﬁ-_c, ‘ seismic and
po-st;seismic' stage, Vefach charé.c;ferized by 'diiffe.r.ent réteé of deforma—
tion. Throughout the terrestrial poffipn ‘of- the foeal régiéﬁ th‘ér.e- is
evidence for such a sequence of movemen‘fé;. hé)\%/e‘}e_l:., ‘thevtil;c»ing.é.f".
I\/qu;oto Point (Figﬁre 3)' durin-g- tl"le period.ﬁ'c‘)m 1895._t;3"19..5§ '[:Nagéta | j

v N . / - R - - -
and Okada, 1947; Okada and Nagata, 1953] Best illustrates the

different stages of the earthquake seque'flc'e.. Later in thls pap‘)‘e_r pré—
- files of pre—seis‘mic and seivsmi_c'_mové.ments a'cr‘oés eastern SAhikoku'A |
.including Muroto Point and othef par-ts ‘of the focalregmn will %how :
tﬁat the largest tilts .wit‘nin this régi.oﬁ ‘occﬁrred along: an .i.maginarf; : E

curve paralleling the inferred strike of the rupture ‘an'd passing close



to Muroto Point. Thus Muroto Point is amcng the better locations-

- within the focal region for measuring tilt, . -

[

Three leveling surveys completed in the period froxn 1895 to 1935
show that prior to the earthquake the PSA?vi.n.tv.Y-'.%.S_,g_r.adual_l_y.,tilting ,‘go’ward._.
» the s.outil at a constant rate. . At the time of thg Nanl;:aido earthéuake of
1946 an abrupt tilt wés imposed on the point in a .direction opposite to
that of pre-seismic tilt. Following the eérthqﬁake there was a period
of -rapid recovery that lasted nearly three years. Dur.ing this period
. about Zd% of the tilt at the time of the earthqﬁake was recovered.

The most recent Nankaido éérthquak_es prior to fhe one,.‘in 1946
wer‘e the well-documented summer aﬁd winter earthqﬁ;kes of 1854
[Iﬁlarriuri? 1928].--’ These events res.u‘l.ted in uplift (and przé_s.u;rnably a
tilt in the northerly direction) at Muroto éoin_t. of 'neafly the vsame mag -
nitﬁde as that which occurred in 1946 [Matuzawa , 1964].. I Athe
recovery tilt was nearly the same following thecze earthqu;kés then
the latest earthquake sequence resulted in g net or perﬁlanent tilt (the |
double headed arrow in Figure 4), of 1 to 2 sec in the same direction

as the tilt at the time of the earthquaké (i.e.in a northerly direction).

Although the individual determinations of tilt between 1895 and 1935 are

accurate tot 0.01 sec [Okada and Nagata , 1953] the estimate of
permanent tilt for the entire earthquake sequence can not be rigorously

defended, chiefly because the assumed tilting during the previous earth-

——

T

quake. sequence cannot be justified with certainty.
Uplifted marine-terraces provide conclusive evidence for permanent

-
e



deformation of this the southeastern peninsula of Shikoku [ Watanabe,

1932, 1948, and 1959; Yoshikawa et al,, 1964; Yoshikawa , 1970]. ' The
oldest of the,se terraces may be 170,000 years old -[Yoshika‘wa et al.,

1964] Each set of terraces has a northerly tllt as dld the permanent

e e me o e s s e e e o e

v

tilt inferred from the latest earthquake sequence. In a Iater eectien
the inﬂextion near theba_se of this peninsula. bet_\_veen éerr_hanentlyv
ﬁplifte.d and subsiding ehore-li_nes, i.e., f:he hinge line,i—isl shex?/_ﬁf t‘o_f:vil-'.:
coincide with a hinge line mferred from an estvrﬂate of n‘et movement
reSultmc from the latest earthquake sequence that 1ﬁcledes the 19
earthquake. In addition the’ rate of tilting _for'the_entire peninsula is
shown to be 'in reasonalﬂe ag;eement with r'etes ipfer.x‘ed frem t'ne“_
present fciits_and estimeted eges of the olde'r t_errarce.si.i' Theé.e re5111ts
support e generally accepted ‘hyp‘otnems that -e }-Jerrnalnent, defoematlon

‘of this and adjacent peninsulas ev‘olved by i_ntermittent tilts resulting

from a series of I Nanl aldo earthquakes that have recurred appro m'atel;y

once every 100 years for at least the last 100,000 years [T,'Vataﬁabe , 1932,

1948 and 1959; Yoshikawa et al., 1964].

THE 1946 NANKAIDO EARTHQUAKE

‘Introduction. Vertical movements genera Led at the tune of the 1944

w

Nankaido earthquake are known from changes in shore lines, offset
in tidal records and differences in the relative elevation of bench marks

surveyed before and after the earthquake. Differences in elevation

-

-between the new and old shoreline rneasured shorily after the earthquake

are shown in Figure 5. Smoothed records from four tide gauge stations

r

-



near the coast of Shikoku showed offsets (insets in Figure 5) at the time .

of the eafthquéke that agﬁeevmthm 2 factor of 2 ‘wi’chithe less accurate

measurements at the shoreline in the vicinity of each station. Reobserv-

———ation of the leveling network-shownin (Ei gure- 3} within one~year-a fterthe " """

-earthquake revealed vertical movements in a region nearly 200 km wide
and 400 km long that are contoured in Figure 6. Peninsulas jutting into

the Philippine Sea were uplifted while s’u‘bs'ide.n-é_e occurred in a broad

: zone between the peninsulas and central Honshu.

‘Absolute Datum for Verti'c_al'Movernerits. - The éo;;tgurs in Fiéurg 6.
represent absolute changes in elevation from thetn’ne of-the léveling_
survey carried out between 1928 ana 1939 to thé time of the first
-post-seismic survey completéd.one year after the ear_tiflqu:-atke. An
absolute daturn was dete rminéd for.Shikokﬁ by tieing _ti.lé:'iieveling dat;
fo the numerous measurements of uplift or subsidence of thé .éhoreliﬁe. ;
and to the offsets in the tidal records shown in Figure 5. The error
in the absolute datum is approxinla-m.te.ly 100 nlm The nﬁa'in' soﬁr_ces of
this error are the unavoidable inclusions of pre-seismic and post-
seismi; movements in the .bsui-vey data for the earthquake.

Pre-seismic movements that probably continued from tﬁe time
of the pre—earthquake survey to the time of the main shock are known
to be i’n‘a sense opposite to mvovement‘s that occu_rre‘d at the time of
f.he eart.hquake but much smaller in magnitude [gxiiiyabe,- 1955;

Yoshikawa, 1970]. If tilt and vertical dis.placement'are directly

proportional, this errdr is between 13% and 5% of the true displacement

il
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at the time of the earthquake depending on the time .of the pre-seismic

---.survey. These estimates are based on the previously discussed linear

,. . M . ° — . . - R N
rate for pre-seismic tilting at Muroto Point. The second main source
of error, post-seismic movements, is difficult to evaluate; however,

judging from the post—earthquéke changes in mean-sea-level shown

in Figure 5 this error is less than IQ% of the a.;:tual eé%’c_hqﬁaké
displacement. ' R T
There are aIso errors in fhg éhoreline'rﬁéaéurements -:th_at by
éonlparisonwith offsets in tidal records may be ésA large as 100_%.‘.
However, it seems r-ealsovn‘able_to assume thé’c‘i"'ﬁhé;sho'rel-i;é measure-
ments ‘contain random errors but no large sysfemétic errors.,. As
a résui{: this .sourcé of error is gr'eétly- reduc.eé- by usmg ;.iarge numb.er
‘of these ﬁleasurements .tAo detérmine ‘thé ébéo'l'ute datum Név-éflt.heless,
errors in d_iscriminéﬁing bgtwee’n sﬁbéidépce due to -ldéé-l slufnping' and
subsidence of th'e bedrock;rnay be impo'r__tant‘ in sorhe,_regions Whez;e- the
éoastline cpts alluvium. _ .
The abs oluté datum for southwest HOHS-HQ and'the’ Ku ?tehinSuila
(I%‘iguré 3) was determined by as_sunlin-g_that'.bénch mark 3028inear',
tﬁe Japan Sea coast qif Honshu did not;nox-.'e during th.é:perio‘ci:‘ée'twéér‘-l -
surveys. This assumption seems justi;_fi-le-:c{ 'bé‘ca‘_uée.'relati:vé 'chalnges-
in eiewjation along this part of the coast vérie‘-dfless than © 30 mm from
1927 to 1951 with bench mark 3028 2nd many other ;bench marks showing

e

no relative movement.” Data from a tide gauge station at Hamada near

‘bench mark 3028 sUpp_oz-"ts this 'assiu.r‘ng-)tion: Hayashi [1970] reports

F



essentially no change in the height of local mean-sea-level at that

station during this period. With this datum the maximum uplift at the
' ) ’ "

tip of the Kii peninsula was 450 mm. This value is in reasonahle

._agreement wi th_a 375.mndro p-in.local.mean-sea=level-at Kusimoto - —r——-

(the tide station at the 'fip of this penins’-ula:)fre.—la.lti\‘re. A‘to the neé;est

bench mark, for the period from 1930 to 19Sb -[Hé_ytashi, lé'iO]‘. Changes

in the shoreline were not used-to dete-rr‘n_in':e an absoluteAdatmn for the

Kii peninsula because only four of th'eseirneasur_éme‘nts- were found in

the literature [Yonékura, 1968]; however, except for one datz-; point on the

east ;:oast they are within a factor of two of %Bsolute changévs in_elevatid;{
dete;mined by assuming bench mark 3028 stationary. Although data from -

level-lines connecting the network in southwest Honshu with that in Shikoku

(Figure 3) were not available for this period, the inferred
€f subsidence between the islands is consistent with a continuous decrease

in subsidence in a northerly direction.

Dislocation Model and Fault Parameters. . The field of vertical
4

displacements represented by the contours in Figure 6 is similar to

vertical displacements generated at the times of the Chilean (1960) and

Great Alaskan (1964) underthrusts [Sévége and Hastie, 1966; Plafker -

and Savage, 1970; Piafker, 19-?—9]. The direction of horizohtél move - | -

ments within the focal region which will be discussed léte_r preéiudeS

either slip in the sense of high-angle thrust faulting or slip with'a'large

strike-slip component. It will be shown that vertical 4s well as horiz-

ontal movements at the time of the Nankaido earthquake are closely

vd

-
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approximated by displacerment fields generated by elastic models for

underthrusting. These models come from a class of theoretical elastic -
. C ) : T oo . - .
dislocations in which the discontinuity in displacement'across the

T TTdislocation surface is restricted to éﬂpﬁ;;ut—'raﬁglgt-io'h [Love, 1944;
~ Steketee, 1958; Maruyama, 1964]. Conve:nient"'cj:q'ua..tions for the—
displacement fields generated by these dislocations hesebeen derived
' -. eve . S
by Mansinha and Smylie [1970] and swe=e used in this study. Their

eqlilafioﬁs are equivalent to tbo.s.e derived by Savv-a':ge aﬁd Hastie [1969].
The fault.pa‘rameters needed to def_iné this"'megath‘:gs.t a%e those
parameters definiﬁg the position in space and the “siz>e of the faullt |
sﬁrface,_ VJ.{:Ii'Ch as a fifst approximation is ~assumed tg be a plane, a_tnd
the amount of slip on that su'll-faAce. ~The pAosition in space is aetermined
By the strike, dip and the location of at iéast onaelz' pé_int on the fault
sﬁrface with respect to a geogréphic coordinate sYASfer"n"._b _’.I"ﬁe-size i‘s&" _.
determined by the length of the rupturé aion.g st'rike and. tﬁeﬁ d.owl.n -d1p
length of the fault. "
_Solutiops to the meaSL"Lred field of vertical displ’a'cern.'e‘:‘nt's‘ for the
1946 Nankaido earthquake using models for bﬁrigd faults indicste that
" the leading edge of the thrust c-:ould be buri.edlto.e; depth o:f..':‘at. fﬂost a
T few tens of kilometers. However, data near the' lela‘diﬁg A‘e_c-lge n‘éeded‘.‘
to giye firm evidence for a buried fault do not exist.;_ Thus Wi’;hin_ an’
L

uncertainty of a few tens of kilometers the fault is assumed to have
Ly er : .

reached the surface. Evidence from echograms for several offsets

in near surface formations is consistent with thrust faultine on the lower
e S

-
v
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reaches of the continental slope [Hilde et al. , 1969]; h.ov,'ejvel.'., it is.
not bossible to- determine Whiéh if any of these offsets cérrésponds; to -
i 4 . . ’ ) .
movement at the time of the 1946 Nankaido earthquake._
o -—-_«—---~~*-'Phe~-s~uyfavce ’t-hét*rup ture d“durin'g“th'i; 'ea'.r'tiai‘qué.“k‘e:"i's ‘a’s smill_e’d to T “”‘“'“” B
have theﬁ séme strike, N:70°E, as the Nanka'i.fr_ough; 'a -topographic
depression similar to deep-sea trenches that are o'fteﬁ Aibc;lenbtizﬁed with
boundaries between c_onyez:gi@g plat;eg of_lit-‘hoép’her_e'_‘ Theassunle:l
strike is coﬂsistent with the .e'a_st—w,ést tr'eﬁd"ilri thefleld o:fi‘-verti_cal
displacements ee'f}ho—a-iuj;;é in Figure 6. Fur"th__er,rn'o:_re, a prelimiﬁafy
focal mechanism for the Nankaido earthquake [Kanar’ndré, péré_b:nél' R
_ communic{ation] ‘is consistent with thrust faulting on a‘plaﬁe with a
- shallow northward dip and appro:'(imat.elyvrv this strike.
The southwestern end Qf the thruét_-is: defined by. 'th;e' ;Br_ugit change
in strike of displacement contours in wes.t:—c.éntrlal'Shiko}‘{-ﬁ ('Fi’g'ull;e 6).
: Fronlﬁ't.he leveling data the extent of faulting. in the ndr‘ch_ea»_sj»t direction
.~ is uncertain because{the Tonankai earthqv.ua'ke‘ with a magnitude of 8 0
[Matuzawa , 1964]Voc¢urred east of the Kii penmsula in V19I44 (Figure 3)
and may have contributed much of ’cﬁe disé:l.a_ceme:nt‘l in thé.tlregion.' .Thle
M = 7 5 »I\/Iikawav eafthéuake of 1945, w{hose epicentérb,is shown 1n Fjigu-vre -
3, als.oi occurred between the two 51.1rv'e-ys., but Hatori [19;(0] shbwéd s
that éisPIacements generated at the time of this"' eyént did nét contxj_i_bﬁte

to the measured displacements on the Kii peninsula. However, a well-’

o

defined boundary, shown in Figure 7, exists between the aftershock

zones of the Nankaido and Tonankai earthquakes., This boundary is -

’d



taken as the northeastern end of the N’ankaido rupture. From this
evidence the fault 1'ength of 280 km for the 1946 Na%ﬂ.—:'ai'db eg;ﬁrthqual—:e'
may be ac..cﬁrat_e té within a few tens of kilo.nfleféi'.s gnd'_i‘s in :easénable‘ o
: ,.A.,;_,._a,gr.e_emenlt. with.a-léength.of.350-km-for .-~t-h-e »Ats.u-na-miwg.e' nera ting~region
[ Omote h, 1947; Hatori, 1966]. ' " _
For the purpose of fitting the leveliﬁg data from theKu ApeninSula
and Shikéku to d’isplacenlénts_generated'by a single fault t-f:ilev ﬁéﬁk.aido'
rupture is extended 60 Lrn toward the northeast. The r.e.Sulting?:h:yBrid-
fault, which will include part of the Tonankai as v;e‘ll as ‘all of the-
Nankaido earthquziké, is '320 km ioﬂg. j A faultvnth thlslength is used
in all_the computations. | | R -
_The relfn-ainir'xg ‘variabléﬂs’ needed to d.efinle.th‘e rup_’turé are fa'u"lt '
dip,b slip, do.v‘q'n-t;ﬁp lengtil and the positién'-gf t.He faui.t ;irac:é in the
' di;’ectién r-llormal to the strike, -Applying'an" optirgization t_echnivqge to
determine the best vaiues for these variables is imposAsi.b}c.a‘be.caﬁéé J:I'he'v- -

measured displacement field (Figure 6) has-strong gradients in directions

parallel as well as perpendicular to the strike of tﬁe fault.” The _éradienﬁ-"‘
paraillellto the,.strike is.such that tll?é zone of- subsidenc-ef ébntourea'by
déshéd curves in Figure 6, ‘becomeé ma;:ke.'d'ly-imore perv;as‘}iv_e tgw'al-d o
‘the western end of the focal region. As a resﬁit contc‘al'u.ré.are.deformed
_into sinuous curves; e.g., the contours near the ;oﬁthern coast oi'"

Shikoku are rotated as much as 30° toward vt'he south between the eastern

——
B

and western ends of the island. Such a field is not closely approximated

by uniform slip on a rectangular surface. Realistic fault models must
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be compound rather thzn simple dislocations. Thus one must use a

 trial and error procedure to find acceptable models. . :

&
" To minimize the uniqueness problern inherent in a trial and error

TTTTTprocedure @ range for eachof the variables was estimated by fitting,

+

in a least-squares sense, portions of the measured displacement field

to fields generated by simple dislocations‘;_ e.g. , uniform slip on

rectangular surfaces. The displacement fields within regions A and C

(Figuré 3).;. e.g., east.ern and west-central Shi:kol-:‘u,‘respe-ctive-ly,_'

were us.efd for this purpose. Region A was cho‘sen.because fhisﬁis_ fhé
region closest to the northeas;cern end of the I\ATankéidv‘o. i'up*:dré .fc‘>r v;hi;h _
the measured displacement ﬁ_eld is not_tontarjninated by rn_overﬁenfs at
.tile tirﬁe of the Tonankai eérthquake. Regién C was cAbosen: because inv_
this region the subsidence reached a fnaximv_inl for tHe entire focal
regioﬁ.

‘Tébles I and II give 1':‘he' sclutions for ;che d_ispla;efnex;% fields

within Regions A and C respectively. . The bettel_r sol@itlionéare tho;e
with standard deviations between ‘mea_sﬁre‘ci and c'bfnp;lte\d &isplacements
that are close or coinc_idg w_it_ﬁ the minimum deviation, which for Région
A is nearly 70 mm and for Region C is nearly 50 nlrn . The corresponding
s.olutic?r_l.s to .d15p1acemeﬁts in Regions A and C are thruéts f:hat dip 30°-

to 45° and 30° to 40° toward the NNW. In Table II the model of a fault

I

with a dip of 20° is considered unreasonable, because the corresponding

position of the fault trace given by parameter R is.seaward of the Nankai

trough. It is apparent from the other solutions given in the tables that

’
2
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an increase in standard deviation by 10 mm is considered large enough

to exclude that solution from the group of better solutions. The signifi-
cance of such a small increase can not be rigorously defended and may

. not be important. Slip, which is clearly the J_e,a__st-w,ell-,de,té_rfnined e . A

the fault parameters, is the only parameter that is greatly affected b.y

including one or two additional solutions in the group of better solutions.

The slip for the better solutions varies by as much as a factor of 3,

' . ' h -
while the down-dip length of the fault remains near‘gconstant. '

Fault Modelé. Two trial an‘d error solutions to ‘he ‘xinv‘ea‘sured field of
;rertical displécements (Figure 6) are ill.ustréted‘in F1gu1e8 .:’I’hese |
models weré obtained By dividing thé fault surface iﬁto'fix;e or six -
_.rectax‘lgular sections glor.lé»st:r-ike and ﬁsi_ng-thl.e bettéﬁr >s oluti_o‘hs" to_.
profiles A and C as gui_des for choosing‘t-h‘;i-r_l-itie;l vélueé for the fault

. parameters in eaéh section. The ‘i'nJ;.tial model wa's“then refined by
adjusting the width and 1éﬁgth of each section as w.eil is the "slip. : For.
Model A.the northeast part of the fault'ha.sr ;a... dip of 40°.and t'ne_vs:outhk\%..rgé‘.c.
part has a dip of 30°. From norfheast to southwest the slip increases

'. from 5 to 18-meters. The ;ié\x.’n;dip length of t;he fault vari:és florn 50
km in that portion of the fault- ';hat slippé_:é the l,ea-st to 130> krﬁ'in thé.t
portion of the fault that slipped the in‘ost. I\/I_odel B is similar to ‘I\«Io.del‘A

except fhat the dip -i's held 'constant at 35°. As a r:ésult the slip x'ra;.z;ies

. by a factor of 8 from one end of the fault to the othe‘r, hi'éd'el A is pré-_-

ferred because within the acceptable range of the variables (dip, slip,

-~ down-dip length and position normal to strike) this mcedel minimizes the



gradient in slip. Models A and B have moments of 7.8 x 1028 and

9.0 x 1028 dyne cm, respectively, that are within a factor of 2 of the

seismic movement estimated by Brune and Engen [1969] for a shallow

L S

eérthuak_g of the 'dip>—s.]:i£_£ytp§3_wi‘h magnitude 8.2, -

Figure 9 shows the field of verti.c‘al displg-acemen‘ts ge'nér_ated by
Model A. Modél B generates approximatgly tﬁe- sa.me.field. vor{ te?res— '
t?ial portions of this region.. ‘A éomparis'on with f:igure 6 Ash‘.c'i-:{é's that
the generated field has very closely the same sha'p:e' as ti-le» measured
‘field; however, there -are' local differenc_es_as la;‘ge_a-.s 150 mmvbetweevn

the measured and computed fields, particularly along the southern coast

of Shikoku where the gradients are large. The down-dip length of the

fault controls the position of the inflection between uplift and subsidgnée;

ires —thetfinge Limes thusAit is p'ossible, as i‘n Model B, to &efoffn the
hiﬁge line into a sinuous curve and still kee‘p the fault Surfaéé éianar.
Figure 7 shows that the rupture propagated mostly uﬁidiréct—iénaliy
toward the southwest and extended beyond the souti;.wes’g limit of the
mapped aftershock zone. The relpcated.e'pic_entve-r for the maln shock .
(Figure 7) of 33.14°N and 135. 85°E confirims the_,uﬁidir.écti';;ﬁgl cnaracter
of the rupture. Thé recomputed deptﬁ of focus was 32 km which is
ébout 20 krn deeper thran the depth predicted fro.zn-.l\/loc'lel.An f'or ‘t'he' Asame
epic'en'ter. This dis Cfepancy- is easily withAinftheA unc'ert'ain'ty of'th'e

seismically determined focal depth. Aftershocks r.epor.'ted in the ISS

—

{(International Seisnlic‘xSLunrnary) for the first month after. the main
- cho - e
"shock WereArelocate'd-(Figure 7). They confirm the size of the aftershock

o

4.
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zone for this period repofted'by Mogl [1968] The afﬁershock zone

1n the fbllow1no morniths did not STOﬂlLlcanblj eAtch 1tsve toward the

i {

xbuthves» [Utsu, 1957; Pbdl 1908] Thus the zone of af ershocks did

not extend to that pﬂgtion of the fault that slipped the most.
. " o :

.»;n”*,Jﬂa_complete“this-argumentm%%—is~neeessary*temsheweéhat~vertical'“'

movements outside the aftershock zone camnot be explained by slip’
acting over a much reduced fault surface defined by the aftershock zone.

In general strike-slip generates large vertical movements near the ends

-of the rupture [see e.g., Chinnery, 1961]. Such adcompoﬁeht in_the right;

" lateral sense acting over that portion of the inferred mégathruSt“beneathdm'

the aftershock zone could account for a significant portion of the sub-
sidence in western.Shikok%}'hOwever, well—documented uplift of the eastern ‘

coast of the southwest penlnsula of Snlkoxu 1nclud1nv Asnlzurl p01nuv°‘

(Figure 3), is conclu51ve evidence acalnSu tnlS p0551b111ty Thls up_lft'

S0 A’ce/

~is known from et r;ce*dqﬁ‘recorded at a local staulon, and from cnanves

in the shoreline following the earunqu~<e [see e.g. M}tuzawa, 1964] If :
ruptures in other regions of underthrusting extend beyond their'after— -
shock zones, small gaps (e.g., gaps less than 200 km) beuween altersnock

zones cannot with con.ldence be used as ev1dence for an 1mpena_no

earthquake in such regions.

Horizontal Movements. Underthrusting with the parameters of Model. A

generate horizontal displacements.of about.1/2'meter on the Jaoan Sea

coast of southwest Japan (Ficure 10). Only the componenb pernendlcular

to the strike of the fault is contoured beCGuse w1th1n tne conboured

' reglon this compecnent is larger by about one onﬂer of mugnltuoe than

the componenu paraliel to the strike. Also shown.ln Flﬁure 10 are

fuchs
adjusted macn >=&=es of horizontal dlsolacewents corputed frOﬂ urlancula—

‘tion data [Geogr. Surv. Iast. of Japan, 1952] ‘Because the flfst' )

© triangulation survey was completed 47 years before the eérthduake; and




the second was completed three years after the earthquake, the
" resulting displacement field is seriously contaminated by post- as well.

as pre-earthquake movements. To adjust for a bias resulting frbm the

21

———inclusion of pre-seismic.movements ~magnitudes-of-horizonta I-displace-- = -

ment computed from triangulation data were _rhultipl‘ied by 2. 2. This
factor comes from the following ratio based on _levelihg_data from the

southeastern peninsula of Shikoku (to be discussed later):

-Tilt at the time .of the earthquake less 6 months

of reversed tilt after the earthquake

Net tilt from 1894 to 1949 (the average period

between the two triangulation surveys)

The six month’s pf reversed tilt in the nulnefatof is iﬁcludeci to adj_ust‘
for the fact that the first post-seismic survey of the ie&eling nefwofk '
was completed on the a\}erage six months after thg 'mainshocvk,' and,

. consequently the dislocation models were computéd to displacements
which inciuded this movement. Even with t,his correction the adjus ted
displa-ceznents are systematicaily smaller than the displac»em"ents

- generated from the fault model. This discrepancy can _be,explained
at least gqualitatively by movement of ’Ehe.base line at fhe.time of the

earthquake as indicated in Figure 10. The inferred displacemenf of the

southern end of the base line is nearly 2 meters in a southernly direction

while the north end of the line moved about 0.5 metér in the same

e
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direction, Thus the line was stretc ed as well as tféqs‘lated. The

- translation of the line is in the correct sense to yield underestimates

of the real displacement field. A quantitative correction for this move- .

the assumption of stationarity is more likely _to be fulﬁl].:ed.-

ment is 1mpossmle unless a new base hne can be es Labhshed for which

- o — e e o et ity

In Figure 1I directions of horizontal displac_emelnts c:bon"lpu‘te.d L
from the triangulation data are conﬁpa'red xvith'directions c‘orn_puted -
from Model A. The.rilean direction frorr; sur{/ey data is S30°E é..nd the
standard deviation is within 10° of the normal to the Nankai trouéh and
to the inferred strike of the megéthfust. If 1s né’g known how much this
result is inﬂuenéed by the choice of the fixed ba‘seiline'. However,. asvide '
from détés. points near the ﬁ;;e‘d line (most of -which a-re not sﬁown in
Figure 10) there are no obvious éystemaﬁc changes 1n diré:é"cion as a
function of position within the focal region.

Directions computed from Model A with few exceptions are in

reasonable agreement with directions computed from the survey data.

In western Shikoku the displacement vectors from Model A are rotated
by as much as 30° in a counterclockwise sense from the normal to the

fault trace. This rotation is an end effect of thrust faulting and may in

part account for a similar trend in the directions observed in the survey

data. In the southeastern part of the Kii peninsula the directions from

et

Model A are nearly perpendicular to the strike of the megathrust and

.

as much as 30° in a cloc \mse sense from direction 1S computed from

survey data. Itis po;sible t'nat this dis'?rgpancy iz the result of y*‘e“na tic



errors in the triangulation data., The stations in southern Kii are not

v e Well_controlled in the southern and eastern quadr:_ant_s-;».u_wlt is also
. . - ) - o ° .
possible that displacements at the time of the Tonankai earthquake in

¢

| -1944 generated horizontal displacements that in this region had a

:

southeasterly strike. In any- case the directicsns'vco‘mputed from the

survey data strongly suggest that most if not ail' c.>f>the motion resulted

from thrust faulting. However these data are not aé'ciurate engugh tol

preclude a small strike-slip .componsnt: If such a componenﬁ in the right
- lateral sense did exist it would have .to >b;-conﬁned to the-ee;s’;ern part

of the fault be;ause uplift near Ashizuri point‘(Figure 3)4 is completely

incompeatible with even a small righ‘; 1aterél componen:t. For example

a right lateral compcnent that is 15% of the dii)-slip cornponént in

"Model A would generate approximately one meter of subsidence near
(=) & A

Ashizuri point.

PRE-SEISMIC, SEISMIC AND POST-SEISMIC MOVEMENTS

Introduction. As already shown, displacement fields computed from

elastic dislocation models of faulting can successfully describe vertical

and horizontal movements generated at the time of an earthquake. -These-

c

fomputed displacement fields can also describe movements. generated

by slip that may take place during periods of time. that are long in compar-
ison with the time for the propagation of the initial rupture. Such slip

may or may not triggfi‘ the release of seismic energy. For example,

_episodes of ''slow slip' or creep were triggered by the 1966 Parkfield

earthquake in central California [Scholz et al., 1969] and the 1968

e



¥

Borrego Mountain earthquake in southern California [Hamilton, in

preparation]. Post-seismic movements on a much larger scale were

tr-igge-r-ed by the11946 Nanl;zudo é;‘;'ﬁl;q11ake. These r.f)—o:vernents” can bé
explained. by slip in the forward and reverse sense on d%ffe.rent portioné
“Trofra~fault s Urface that' meludes thes iif‘fé;‘ééf’ﬁﬁ? t %ﬁ;i’ﬁ‘ié‘c:l“ad ring ‘£he" B
mainshock. Moreover, pre—seismic mévementg in the focal region of
this 'earthquake that are consiétent with strain buildup on a ".l.bckéd" .
faﬁlt (illustrated in Figure 1B) can be-exp'lain_ec‘i»by'__ slip (‘inv this case
virtual Slip) on a fault surface with nearly the same dime-néipns as thaf
‘;vhigll ruptﬁ;ed during the mainshock,

Virtual slip computed for a period of stfainbuildup is sirnp.ly
the amount of slip- required dgring Vén eafthquake (or more gepera].ly h

during a period of strain release) to totally release the strain that -

| accumulated during that period [Scholz and Fitch, 1969] I‘Aere is a
reversal in sense between the virtual and real slip ;q:nsistenf with

elastic rebound‘theory' as illustrated 1n F1gure1 Thé estimated amount -
of virtual (réversed) slip.fof the en;cire_pre;éeismic_ perio.d-c‘»fi92 years -
. between the last two Nankaido‘earthquakes’ ivn 1854_>and' 1946 is sh‘own -tlc.)
be 'nearly equal to the net amount of forward slip f-or theselsnnc and .pos"t‘_
seismic period from 1947 to 1950. Thus con}pﬁte-d ;sl-ix.;;.{(;i.thef realor
virtual) for the pre-seismic as well as se-isx;nic énd pc;s-t-seismivc:s_.t;g:es
of the earthquake sequence prlovides simple quan-tiitat_iy'.e: éupport fov-\:" an

elastic.rebound mechanism for underthrusting in southwest Japan.

\_\
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Profiles of vertical displacement in regions A, B, C, and Kii
_ each ) - : 4 A
© (Figure 3) for the-three stagey of the earthquake sequence are shown

in Figures 12, 13, 14 and 15. It is convenient to divide the focal region

into sub-regions small enongh.so. that. vithin-each-sub-region the - ——mm— - —
displacement field is nearly one dimensional. Solutions to these one
dimensional fields (Table III) can be computed from simple models in

which the fault surface is rectangular and slip‘is _unifor_m. . The solutions

are further simplified by restricting the fault models to those with the -

"same trace and the same dip (35° nofthwéét)_ as Model B.‘: >’l.‘he remair;ing
variables are the slip aI-ldvdoWn—d‘ip length of thg f'a'ult; Values for
these variables as well as standérd deviations be‘&.‘een measur-_ed and
theoretical displacements ar; t_abﬁlated in Tgble_ IiL.

There is a s‘ystematic misfit between fhe measured and compﬁted
profiles of seismic movements in regions A, B and C (Figures 12,13,
and 14). - The computed profiles have gradients that are coﬁsistently too
small near the region of rnaximurh subsiden.ce. A‘pparéntly fault models
restricted to uniform slip on a rect;clngnular surface are too simple. A
few computation’s. with models that include a,gradi-ent in slip in the -
down-dip direction sﬁggest that such models are sufficiently general to
account for the larger gradients in the measured ?rofi‘_les. Evidence
from post-seismi; movements discussed in a separa_té sub-section is

also suggestive of non-uniform slip in the down-dip direction. Alter-

~TIoe

natively deviations from a planar fault surface may explain all or part

of the misfit between the measured and computed profiles. In any case
] ) E y

-
, .
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the size of the misfit is not large enpugh"to neéessita-te a revisi-on in
the fault models.
To gain some insight into the 4error that fesul{s -f.rl‘om -e:;frapoiating

the solution for ;'51 par‘ticulai~ sub-region to the focal region .as a whole
““'*;"“*“c"oﬁ's‘i'd'e*'f—s;aat'_ibﬁ‘s"t“é“fhé”di’s:“ﬁlab%ﬁ‘eﬁt'fﬁia'?ﬁﬁgg’géﬁgéEéé"a t the:

time of-the earthquake. The solutic-)nvs '(Tab1e>II‘I) f('n-“, thg profiies Kii énd C

Aaccou.nt for the greater deformation toward the western end of the focal

' region by an increase in slip from 6 to 18 meteré and.an ingre‘ase. in length

of the fault from 55 to.90 .km. Comparing these Va}ues of shp and down.—dip

length wiﬁh those in Mbdel B (Figﬁre 8) shows thatthe soiutiorﬁ for thg:

sub-regions overestimate the vaiué éf these vari-abl'es in the eastvern part

of the focal region and underestimate them in the wxestgfn éart. f‘or the

slip the discrepancy is appro:%im_ately a factor of »2.' For.‘ the down-dip B

.length thé disclrepancy is less than 25%. In the rerﬁéindef of this ‘sectior.y

computed values of thé.fe—tult parametérs corres‘ﬁond to. solufions to movements

'in a given sub-region for a given stage of the earthquake sequence.

Pre-Seismic'Movements. Extensive leveling “svu.r‘veys [Geogf. Surv. Inst.
‘of Japan, 1967] show that the reversal in sense betweéﬁ éeismic and
pre-seismic movements was a regional phenomenon._ -From:th.is evidence
it is conclﬁded that strain build-up throﬁghout the, focal region accounts -

| vf.or. these movements. A rgve’rsal in the direction of tilting at Muroto
Point has already b'e'en discussed. A similar reversal in tiit occurred at

the tip of the Kii peninsula [Okada, 1960]. 1In addition a rise in sea-level
at the tip of the Kii peninsula, for at least a 28 year period, before the

earthquake [Imamura, 1928] was reversed after the earthq11éke [Okada,

1960].



The initial leveling survey of Shikoku was completed in 1895. Part
of the ﬁet\rzork that follows the soﬁther‘n coast was surveyed in 1929. A
survey line that crosses the western endAof_the islénd-' (Reéion Cvin Figur.e
followed the coast and was ‘com;’-)leted between _1886>a'n.d;. 1907. The second
survey w.as completed in 1928, Results qf the pré71930 sgrveys ére
summarized by Tsuboi [193/3]. In aciditipn :thé wés:éé:}i'n side of the.

southeastern peninsula of Shikoku was surveyed a third time in 1935

. s
[Okada and Nagata, 1953].

The absolute datum for pre-seismic Survey.{; oh Shikoku and the

-
/
v

Kii peninsula' ['Imaznura, 1929 and 193/0] was determined from secular
changés in local mean-sea-level at the tide stations Komatusima (midway
along the eastern coast of Shikdku) and Kusimoto (gt the southern tip
of the Kii peﬁinsula). In genéral secular changes in sea level are
difficult to determine because preSSure and temperature variations

- o
[ Yamaguti, 1968&1 and drift of offshore currents [Hayashl 1970] as.
well as the tidal componentAma_s_.:k seicular trends that may be present,
However, in southwest Japan and presumably in other regions of acti\}e
tectonism éarthquakg l;elated movements are large enough to establish

secular trends from mean-sea-levels for 10 to 20 year periods

27 -

3) was resurveyed in 1938. For the Kii peninhsula the_ initial.survey . ...
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[ Yamaguti, 1968b]. Yearly mean-sea-levels at Kusimoto [Imamura,

1928] for the period from 1899 to 1927 show that sea-level was rising

r

(or the land was subsiding) at a rate of nearly 1/2 cm/yr. The data .

from Komatusima is not as convincing, however. Within an uncertainty -

of a few centimeters, which may be an overly conservative 'év.‘stirn‘a'te,
the-local mean-sea-level at this station did not change during the p.er.iod'
from 1895 to 1928 [Imamura, 1930].

Pre-Seismic and Seisrmic Movements. From a comparison between the -

 pre-seismic and se;i.smic profilve-s shiowadn
apparent that to a first approximation a re"v'- rsal in the sense of movtionj
of:curred throughout ’che'foc‘:al region. Howevér,' the reversal Was notA'
?_eifect, as Miyabe [1955] éointed-out.- Consid‘é‘r as '.cuides. the.h'i.ﬁgé
liﬁes .represe'nted in Figures 12, 14 and 15 by inflextion p,ointlslbetween B
subsided and uplifted regions. The pos‘ition of the hinge Iiné for the
permanent deformation in southeastern Shikokﬁ is knciwri within anvl
uncerta'in.ty ofé few i:ilo;neters. (in a airect;ion pbe_rpendicular to AthAe

inferred strike of the megathrust) from careful mapping of different -

sets of uplifted terraces [sece e.g. Watanabe, 1948; and Yoshikawa et
al., 1964]. _Similarzly the position of the hivr_lge' line for the permanent

deformation of the Kii peninsula is uncertain by approximately the same

amount [Yonekura, 1968]. The uncertainty in the hinge lines for the

‘pre-seismic movements of eastern Shikoku and tke western Kii penin-

—_—

E—

' : ' ' “a charge i
sula depends strongly on the absolute datum (in this czse mean-sea- .

-level) for each region during the pre-seismic period. As is evident

s
-
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from Fisures 12

o=

nd 15 an error of a2 few centimeters in the absolute

datum, which is a reasonable estimate for Shikoku, however probably
. P e . R P ‘ .
an overestimate for the Kii peninsula, would cause a 10 km shift in the

-~ ——hinge line in-each-region. -~ By a simiilar argument the hinge lines for

the seismic movements are uncertain by approximately the same

amount based on the previously discussed uncertaint of about 10 cm
A Y
' Gor Fhece mppesmerts

in the absolute datum at-the-tirae—of-the eerthgeakes

As shown in Figuré 15 the hinge lines for the’pe‘*r'mane’nt défor—
mation and the pre-seismic movements in the wes»‘tei‘;}. Kiilpeninsﬁla
_-are in thé same position within the p;rob;able errcrs r-nentioned ébove; -
however, the hinge line for the seismic ‘movernent' is a significant
distance farther south.(about-35 km). Similarly Figiuje 12 -sb_owst'nat
the hirige line for the seismic .movements in Regi'on‘ A is farther south
‘ than the hinge lines for the permarnerit deformation and the pre-seismic
movements; however, the disparity is only 15 k.rn and anly marginally
significant in view of the above mentioned ufzcert«‘;ﬂﬂties.‘ T>h1;13, witﬁ
some caution, one may concluc_’iev that the permanent deforma‘gion given
by thé térrace‘s and the pre-seismic niovements are more nearly the
reverse of each other than are the pre—éeisrpic and seismic movements.,
~Solutions to the pre-seismic profiles across'regio-ns A and Kii

given in Table III show that the virtual slip, normalized to the recurrénce

time between successive Nankaido earthquakes, iz less than half 'of the

T

slip released at the time of the 1946 earthquake. In addition there is

some indication from these solutions that the virtwal slip accurmnulated
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on a surface that was longer (in the down-dip direction) than the fault
. surface that ruptured at the time of the earthquake.
A comparison between pre-seismic and seismic movements in

Region C near the western end of the focal region reveals an apparently

exact reversal in 'éen.s.e; however, movenl.'ne.'r;t‘é near the hingé line that )
showed a disparity in this reversal in Regions A ar-1d.Kii occurred on
the continental slope and thus are unknown. 'Th'e- profile of pre—seismic
-movements in Region C not only shows. that the entire'_r.egion_ was uplifted
but that this uplift was grea'ter than pre-seismic uplifts in régioﬁs A
and Kii. This observation is suggestive of greater .straih ia'c::jé'umulations
'n.ear the western end of the fault surfaée gnd’lcorrﬂespc'mdirvlgly greétgr
slip at the time of the earthuake as sﬂbwn by the previously. deécrfbed
fault n.'lod_els A and B ‘anﬂ by the sbiutions to the seismi:-c fnovement_‘sA
given in Table III.- Thé computea solutions to the pré-ééismic'moveméfllts._{i‘-'"‘_".
. given in this table show that virtual slip 1s at least four times gre_afer
on the fault surface beneath Region C than on fault. ;gffac'és-: beneath. regions |
A and Kii. Thus the magnitudes as well as ‘E:l'ie‘ sense of tl"xe’viArt.uatI'.';'di'slo.ca—
- tions computed from pre-seismic movements S_UPP&)rt;:.a model forstram

build-up consistent with rebound thecry.



Post-Seismic Movements. The regicnal exlent of the post-seismic

‘movements was clearly revealed by reobservation of the leveling network :_

in western and southeastern Shikoku. Po.st~se'i.srnic-moverne'nts inb,
;E,igl}re 14, from surveys of western Shikoku -Cofnple.ted-ir.14.1948_.,_~1.950 )
and 1964, show that elevation changes m Regiqn C néar the western end
of this rupture extended across the entirel width of-theAi'sland. 'Surveys
conﬂ;pleffed- in 1947 and 1964 of thé network in séutheastern Shi'koku
J.:evealed éost-seisnlic'mo§ements in Region A b(shox.zvn in Figure 12) that»
were .l-ocally of the same magnitude as movel;rients at the time of the
earthquake.' Post-seismic movements similar to those in Regign A can
be inferred from tilting and changes in meaﬁ-sea—lgvel Vn’ea-i‘r t:he: tip..o‘f _
the Kii peninsula [Okada, 1960]. Post-seismic movzments of large
magnitﬁde were also recorded. as changes in local rﬁea'-n-se'a-.level at 4

tide stations operated at widely separated locations along the coast of

Shikoku. These data are shown within insets in Figure 5.

2L



In general, changes in sea-level at the.se stations during the recovery
period occurred at rates more than one ordér of ﬂ?aéni'tﬁde_ la;rger' than .
the pre-earthquake rates reportéd b? Imamura '[19{8 arid 196;0]. In
___;___‘_-m-sc.)uth:\eent—r'a-l—Shi-koku-at—ti-d'e"stéti‘on' Urado sea level Tose by:'appréii‘rhate"l'y

800 mm at the time of the-eazA‘Athquake folloxr}e'd by a drop of almost 3'00 mm
at a rapidly decaying rate during the period fr_om 19.47 to 1950.. Bet\,{’eeh |
1950 and 1967 mean-sea-level at 'Urado co'rrecjt-ed for tenunperature- ziﬁd'
pressure variations [Yamacr; uti, 19!2:'8a] féil an additionai 100 rnin-v'f 25 mm,
At Uwazima on the western coast of ShiL:oku'éea-lévél rose by' 290 mm
at the time of. the éarthquake. Following the ea-rthquaké ‘séa.-.ievel rose
110 mm in a three year'period. Simizu, neérl.Ashizﬁri point (the tip
of thé southwestern peninsul‘; of Shikoku), re;orded a drop §n~ sea-level

of approx?matel}‘r 400 mm a-t thé time of 'tl-rle e'_a_rthquak‘e;.'. I.r:athe three

" year period foilowing the earthquake, sea-level at S1m1zu rose 60 mm.
The risé in sea-lé#gi at_these latter twé stations during the

- recovery period is difficult to interpret because béth stations are near:

: the western end of the rupture and ‘thu's mo»veme‘nt's Aat these stations are
influenced by any peAculiax.'i'ties .fhat rﬁay have occurred at the end of the

- megathrust. On thégoftbeastern coast of Shikoku,A station Takamatu

. recorded a small rise in sea-level at the;cime of tﬁe earthquake

. followed by a three year period in which sea-l-evel- rQ;e 270 mm. The

. | W |
usefulness of data from Takamatd is somewhat diminished because the

network of level lines used in the pre-seismic and the first post-seismic

survey was not completely resurveyed in 1964 at.the time of the most

recent survey.

32



Changes in sea-level at TakamatZ are consistent with a general
subsidence at the time of the earthquake that occurred in a broad region

inland from the peninsulas and showed that.continued subsidence occurred

at-a~decreasing-rate-during-the recovery pericd. " Thi§  tHE §&isMic and

7

post-seismic movements had the same sense in the vicinity of Takamatx.
In contrast data from tide station Urado adja‘cent to the uplifted south
eastern peninsula of Shikoku showed a reversal in sense between seismic

and post-seismic movements. An adjustment by slip on the fault surface

that ruptured during the earthquake such that slip on lower and upper portions

of the fault are reversed in sense during the recovery period can at least

qualitatively explain the seismic and post-seismic movements inferired—

. S ‘C}ldllgcu rr-seatevet at these two tide stations. This idea will be

pursued quantitatively_ie-the follewinr—srhmsmetinnd—

' Post-Seismic and Seismic Movements. 'TE%-post—earthquake data from

the eastern part of the focal region were surireyed mainly in Region A.

These ,daté as well as cother p’ost-éeismic data from Shikoku were tied to .

a smoothed record of mean-sea-level at tide station Urado. This profile
u

(Figure 12) shows that region A Inderwent a net uplift between 1947 and

1964. Uplift reached a maximum of nearly 600 mm at the center of the

" local depression that occurred in the zone of subsidence at the time of

- the earthquake. Note that the seismic and post-seismic profiles show

that tilt of the southeastern peninsula of Shikoku in the vicinity of Muroto -

Point was reversed following the earthquake as previously discussed; even

~ though the uplift of the peninsula continued. '

z
7
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The sum of the seismic and post—seisrmic profiles for Regbi-on A
- looks like the reverse of the pre-seismic profile (F1gure 12) however,
Fev thece sreycsss /;719 .

the hinge line ALS north of the hinge line for the terraces At least part

of this dlscrepancy is due to an almost unav01dable error in the surveying

technique. Following the main shock it took nearly one year to

—_—



r&coucq
complete the initial pos t-earthquake Survey. L\/IOot of tneAmovand :ts

Sted-oi—ediskavents—in-stip took pTace duting thlu perlod “The

reoultlnc error in the post-earthquake data from Reclon A, although

___difficult to mezasure_quantitative ly.-is- in-the-correct-sense to-ntovethe

hinge line too far to the north. Apparently the pre-seismic and
g y the pre
seismic movements are not exactly the reverse of one anothesr as

simple rebound theory would predict but the pre-seismic and the sum.

of the seismic and post-seismic movements are the reverse of one
another. This result constitutes an important modification to simple
rebound theory.

The shape of t he post-seismic profile for Region A is suggestive

of slip on a buried fault (Figure 12); however, an acceptable solution
to this displacement field as suming uniform slip on a buried fault was
impossible. By comparing the solution to the sum of the seismic and

post-seismic propleo with the solution to the seismic profile (Table

fn p&y

nr) it was possible to<deduee the following post seismic movements:
~approximately 5 meters of forward slip (or creep) on a2 30 km exten-

sion oi the fault down c.1p and rev ‘1 sed slip of 2 to 3 méters on that

part of the fault that ruptured at the time of the eart 1qual\e. These

results have been corrected for virtuzal slip e uivalent to strain accumu-
. q _ »

lation in the periods from 1929 to 1947 and from 1950 to 1964,

Although post-earthquake data from the Kii peninsula are much

e

less conclusn*e than the data from Rego gion A, there is evidence from

tilts and changes in sea-level [%ada, 195_0] for movements similar to

32



the pdst-éarthquake movements in R‘egion A; i.e., post-seismic uplift
near the tip of the peninsula was probably more pervasive than uplift at
the time of the earthquake. In fact post-earthquake uplift in southern Kii

would have to be more pervasive than similar movements in Region A

T T (theadjacenit coast ot SHi’i&'oku), t'ﬂr1ng"f1§“ﬁiﬁ§’é”ﬁné§ _foi"“tﬁe;éuiﬁwb’f
the seismic and post-seisn@ié movements iﬁto'éoincidenée with th'e-.hi:nge
lines for the terraces and pre—séiérnic movements. |

From solutions to the displacement fields in Regions A ';nd K11
it is appareat that the sum of pre-seismic vir‘ti;a]. sli.p .(normélizéd ‘tor
a 100 year period), seismic slip and post—-éeismic reversed- slip (same
sense as virtual slip) is nearl'y zero. This is_ éﬁdther \_;"va_y of _s:tatin'g N
the géne:alized vver_sion <_3f rebognd the.ory._ _Byi‘_ja sirﬁple yef appeal.ing_
'analogy with ovsci'llatin.g systems. the reversalm élip cén b‘eithought of
a;'s. overaamped recovery to underdamped motion on the f_ault.s’urfavce at
the time of the earthquake. Such damping could be e)-cvplaine:d by ordmary
Coulomb frictién as well as by. v'isc‘oe'lavmstic 'c-liés-ipation. -The decay curves
describing pbst—éeismic changes in sea-level :d-t Urado (.Figure 5) as:well
a$ tilting ﬁear Muroto Point and the southérn tip of the Kii peninsulIa az;e_:
suggestive of a tr,an_’sienf. methani;m suchaSthe proi)'os-ed n’ie'ch&ni‘sin éf
.overdampéd recover_y.v In a similar manne'r:b'i;r1fér1_fe'd'forward 'creep:al'ong
the base of the megathrust suggests that part o_fAt_h‘e motioﬁ on this. pér't of
the fault at the- time of the earthquake was o_‘verdampé_d, or t'ha-t the fault.

extended itself into previously unslipped regibns.

=

These conclusions are further strengthened by evidence from that

portion of the western ‘end of the focal region in Region C. Post-seismic

e
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movements uplifted the southern-pa'rt of this region during a two year

period and caused subsidence in the northern part. This subsidence is

cons1shtent ;Jviti;independent ev1dence (previt.ous‘l} discus sed) g%ra I;i—Se in -
sea level during thiS'period at tide station Tékamatﬁ locaﬁed on >the
e northeastern.coast-of. S-h-iké-ku . -~Aveox~n-p-u‘te d--'s-oluti;on“fO“thi's “profile~using
-all the data pointé has a standard deviation of nearly 1/2 the valule of the
largest displacement in the profile (Table III).- If the d;cxta points showing
subsidence are eliminated from the calculation a soluition to_’;he ‘r.ernaining
pf_oﬁlg is consistent with reversed slip of back sliding of ﬁéarly five '
meters on a fault surface with a down-dip length of‘ 70 krn This soh#ion
overestimates the reversed slip and underestixnate; the length of tih'e::;;.'ult... ..
‘Such a bias is caused b}; restriéting the class of models -_to t.h.ose with
uniform slip. - .With. this restrictiop the sign of the slip is dc‘atverr-ninéd by
movements on the shallower prortion of the fault surfaée becgause these
movements in general cause the greatest surface displacements.
Alternatively, a solution was found for the sum qf-the seismic_dis—
placements as was done for displacements in; Region A. From a comparison
with thié solution and the one for the movements at the time of the earthquake
the following post-seismic slip is inferred: éppro-xirriately three meters of
reversed slip on that portion of the fault that ruptured duriné the earthquake
and fofward slip on a short down-dip extgnsion of that fault:-surface. In any
case the generalized version éf rebound theory app'ea:rs to‘apply to western

as well as eastern portions of the focal region.

—
_—l
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Post—feéoverﬁr movements, The.pro'file for the period 1950‘—1964 (Figure

14) is similar to the one for the period from 1648-1950 except that the -

zone of subsidence is less extensive. Solutions to t_his_p'rofile yielc;l 6

to 7 meters of reversed and/or virtual slip on a fault surface that is

approximately 3/4; as_léng as the fault that ruptured during the earthquake»..: :
Only one third of this slip can be accouqted for by strai'n accﬁ'mulétion
(judging from pre-seisrn.ic.: strain rate). Sub‘sideAnc-e in the ﬁorthern part

~of the region suggests that strain accumulation is corﬁéetiné Witl.{.?.él;lothér‘
process such as forward creep ‘nrear the base of tﬁe.'fault. "As ja result-

- solutions using fault models with uniférrn slip are bia..s';e:d a-s..pr.élvio.usly
discussed. "From this solutioﬁ itvi.s' éiea.f that the rates of def.orhafion -

~ were reduced by more than a factor of seven from 1950 to 1964-vir; compar;-
son with rates between 1948 and 1950. It is also possible that thé inferred
forward creep near the base of fhé féﬁit continued after the-three year '
period of rapid recovery; aIAthough there. is no independenf evidence such
as a record of mean-sea-1 evel at a local tide station to support this

conclusion.,



Mechanisrm of Underthrusting. The post-seisraic movements triggered

e)

by the 1946 Nankaido earthquake are suggestive of a cémplex response
. ) o

to movements that occurred during the mainshock. The inf erreq ‘back-

sliding at 2 rapidly decaying rate_on.s hallow-portions-cf the-megathrust-————"-

v

is explained as a response to underdamped motion at the time of the
earthquake. Consequently an over-shoot consistent with a stress drop

Aof more than 100% occurred at the t;rne of the main shock. Delayed

forward creep on down-dip extensions of the fault can be interpreted .

as a response to overdarnped motion near the base of the fault durins

the earthquake. These results _are-‘s trongly in vconﬂic't_v;ith the trach-
tional concept of faulting as a critically dampe-dpro'ceSS. Thus thé net
slip during a Ap_eriod of strain'-release is in'éeneral the sum of slip
during the mainshock and delayed slip A(i.n the forwérd_a_ﬁd/df r.e\.réji-—sed
sénse) during a period of pdst-seismic adjustment.
In approximately the westerh 1/3 of the focal region -whe-re the
<_infer'red over-shoot at the time of the earthquake vas- most extensive
there was no aftershock activjty. 'Thu.s, as in the case qf the Parl fleld
earthquéke, the recovery moveménts had no seisr;:lié éfigres's'}ion. In the
remaining 2/3 of the focal region&vhere thé'dox‘.’nadib ex.t;ension of the |
. ... fault by delayed forward creep was most extenéivé the ‘aft ershocx zone

also extended itself in-the same direction; i.e., toward the north [Niog‘i,

1968]. This correlation bet tween forward creep and aftershock activity

—
\\

is consistent with resx,.hs from numerous a;v_ersnock stques showing

T - 60"’“{"“"\/ o s ‘ fﬁa, For
that the mechanisrn/\for most aftershocks are similar to-the—smeckanizre of

s the mainshock [e.g. “sce St a;.c’ and Bollinger 966b Stauder, 1968z].




PERMANENT DEFORMATION - AND. EVOLUTION OF TERRACES

The inferred mechanism of underthrusting for the 1946 Nankaido
earthquake 1is consistent with a aeneralized version of'elastﬁc rebound

theory; however, there is ev1aence for permanent delormatlon along

the shorellnes in the fbcal region of thlS and other recent megathrusts e
that is not predicted by rebound theory. A correlation between the
spatial distribution of uplift at the time of a major earthquake and

the distribution of permanent uplift within the focal region similar

to that established for the Kanto region of Japan [Sugiﬁura—and Naruse,

1954 and 19557 was also estabiished for the focaltrecion of the Nankéido
- earthquake [Yoshikawa 19707]. Several sets of upllftea marlne terraces
‘are maoped near the snorellpes of three penlnsu_as (“1cure 3) w1th1n

-~ the focal region of the 19L6 earuhquake [watanabe 1932; Yosnrkawa et al

A'196M Yonekura 1968]. Careful observation of tne terraces in-south-
~eastern Shikoku showed that steps between maJor terraces often include - :
one er more small steps suggestive of intermittent uplifts_essociated
with mejor earthquakes such as the one in 1946 [Watanabe, 1932]. Similar
geomorphological evidence coupled with knowm vertical mpvcnents at the
times of the last two Nankaido earthquakes shew that marine terraces alon~
the southern coast of the Kii penlnsula were 1ormea in the same menner
as those in eastern Shikoku [Yonekura, 1968]. | » |

The assumptlons'requlred to.quantltatlvely estimate-the rate>of
- permanent. tilt from available'geodetic data were.alreadr_discussed with
reference to data from the Vicih;ty of Muroto'point Slmllar assumntlons
- can be used to estimate the rate of permanent delormatlon for tne entire
'soutneastern peninsula 1nc1ud1ng Muroto p01nt. A quaﬁtltatlve outline of

-this argument is given in Table IV. Thé estimated permanent tilt or net



tilt of this peninsula resulting from the latest earthquake sequence is 2.7
sec which is in reasonable agreement with tilt rates of about 1 sec/ée.ntury
inferred from the present tilts and ages of two of the older terraces. Note

that the measured tilts unlike heights are independent of eustatic changes

in sea level.
Of three recognizable sets of terraces, an age of 6000 years for the
youngest set was determined radiometrically in the Kanto region of south-

central Honshu [Yoshikawa, 1970]. This age corresponds to the most

recent sea-level maximum in Jépan [ Yoshikawa et al., 1964].‘ By analogy
the agés of the older terraces are thou.ght to cérreqund to world-wide
maxima in sea-level during two previous .interglac_ial stages [ Yoshikawa
-_ei_a_l_. s 1964]. By this dating method the oldest set.of terraces, called’

the Hane-saki terraces, is about 1?0,000 years old.. However, aside

from present sea-level that apparently has remained nearly constant

for the last few thousand years [Curray et al., 1970] time correlations
between local sea-level maxima in different regions have revealed only one

generally recognized world-wide maximum, the one that occurred

approximately 120, 000 years ago [see e.g., Broecker et al., A19"68]. Thus

the estimated ages of the older terracesb rﬁust be conSid.er_ed as tentative
until they are -dated radiometrically.

On the eastern side of the southwesterﬁ peninsﬁla of Shikoku near
Ashizuri point is another set of uplifted terfa’ées 7[->Waitanabe, 1948] .. These
terraces are not as wg;Ll developed as the ones near Murofo. In fact the
eastern side of this peninsula subsided at the time of at least one major
earthquake, the one in:1707. At the times oi: fhe 1854 and 1946 éarthquakes_

-

this coast was uplifted_ [ Watanabe, 1948]. Since this peninsula is near

. _the western end of the megathrust that ruptured in.1946 and



presumably is also near the end of previous ruptures, it seems reason-

able to explain uplift or subsidence of this peninsula during past earth-

quakes by small changes in the westward extension of the rupture.-

In southwest Japan as well as other regions of underthrusting the_ . ... ..

uplifted terraces in a crude sense provide-a record of underthrusting

for periods of time as long zs tens of thousands of years. The ége, _ -

spatial distribution and the present tilt of terraces in southwest Japan

is in reasonable agreemént with the rate and regional. extent gf pe;_j_r.nane'nt
deformation inferred f;)r the Nankaido earthquake se-quer;c‘g':'_ from 1%54 to
‘1946. If the ages of the.terraces:and eustatic sea»-'leve_l ;:hg_pgcf—s ‘were
known with greater accuracy héightsv of the _terra';:%:.s- as weil.l as tilts could
be us‘e.d to compute average ;ates of ﬁnderthrustin‘g "bfo.-.r‘.pei-i”c;ds of tens

of thousaﬁds .of .years{ Such a fnethod ma';r' :;.):rov'ide a more 'stable. nf;easuxl'e

of recent underthrusting than that computed by the method of seismic
o - .

moments [Brune, 19%8], : | - S -

TECTONIC IMPLICAT IO.’NS

Introduction. The estimated age of the oldest terraces in southwest

Japan provides 2 minimum estimate for the onset of underthrusting in
this region of approximately 100,000 years'ago. This portion of Japan
- between the Ryukyu and the junction of the Honshu and Izu-Bonin arcs

(represcnted in Figure 2 by the Japan, Ryuﬁyu, and Izu-Bonin trenches)
has been tectonically stable by comparisoﬁ with the adjac_ex_"lt well-developed
~island arcs that have been active since the late Cenozoic [see e. g ,
. / H ‘,"" / o
Minato et al., 1965; Matsuda et al., 1967;Huzita, 1969; Sugimura and .

-
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‘/Uyeda, 1970]. Moreover, folding [Huzita', 1969] a:éld. fault movements
[_}_I_}_l_z_}_t_e_t_, 19!?):(.9”; Allen etﬂél.m,‘l_‘?'{/”b] s&ﬁce the- eai*_ly P_leistorc-ene as woll -
as. num‘eroﬁs mechanism solutions for shallow earthquakes ' [Ichikawa,
- —«——%————-1-9"6/)‘-5-]‘ —~sugg est-that interior-portions ‘;of- -southw ‘e’é‘f“".Té pan including =~
‘portions of the foca1>regioh for th¢ 1946 Nankaido éérthquake, havevbeen
and still are deforming in response to a regional east_—\;vest compression;
rather than a southeast-northwest cqmpression c.onsis'te'ht with the
inferred direction of underthrusting normal to the Nankai trough.
An east-west trend in regional compression is hearly perpendi’cular

-

to the Honshu arc which judging from recent seismicity [see e. g.,

e
/

Gutenberg and Richter, 19/_"3.4], is the m'cw.st active of the island arcs
?djacent to southwest Japan,"‘ I_n'terms .of.plate tectonicgs regional- stress
in central and western Japan appéars to bé dominated by a'-compres sion
generated by the convergence of the Asian and Pacific Ocean plat.:es.
along the deep-sea trench adjacent to the Honshu érc. >Th‘is conclusion is
conéistent with estimates of rates of convéfgence for this r._egioﬁ (to be
presented later) showipg that> the Asian'and Pacific plalte‘s are converging
at a higher rate than the-Philippine Sea and Asiaﬁ plates or the Pacific

and 'P_hilippine Sea pl'atesy.
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The inner "craton-like' portion of southweést Japan is separated

from a series of Paleozoic to mid-Tertiary formations to the south by
) ‘ ) .

2 narrow metamorphic zone of Mesozoic age [}Iu.zita_,l969], The

——median-tectonicline{(FiguFe2) Within this metamor hic zone marks

>

the boundary between two paired metamorphic belts [Miyashiro, 1967]

that are thought to be relics of two Mesozoic island arcs [Matsuda et al.,

A 66t .
1967; Dewey and Bird, 1970]. Kaneko [1949] and Allen et al. [1970]

recently have pfesented evidence for Pleistocene to Recent movements
‘in the right lateral sense _oﬁ faultlike features paralleiing the median
line. Pr.ofiles of veftical displace:ﬁent in Shikoku.and the f(ii penin-

| sula s;‘_mwn ;n Figures 12, 13, 14, aria 15.are not offseﬁ at points‘where

_ ‘the_ su_rve? network crfbsses the median line. | Thus 'the possibi'lity of a
causativé relafionship between movements in the zone Aofiunderthbrus ting

~along the Nankai trough and those along thé median lirne can n'ot. be
established. How_ever, c_onrtinu»ed undgrthrustingfof- the Philippine Sea
platé beneath southwest Japan éhould éventﬁany (depending on the slip
rate) have a more obvious sufface expres__s‘ié.z;.:_égnéisteﬁt v/ith the
developrﬁent_ of structureisu typical of iéland arcs such as active volcanoes
and a well-developed deep—sga trenéh.

Slip Rate in Southwest Japan. A slip 'rate‘between the Philippine Sea and

Asian plates in the region of the Nankai trouch can be estimated from the
. o =

computed slip during the 1946 Nankaido earthquake and the average

recurrence time of such events. The preferred fault model (Model A -

illustrated in Figure 8')‘ indicates that slip for- the 1945 earthquake varied

e
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from 5 meters in the northeast to 18 meters in the southwest., If such
a gradient in the slip was stable over long-per-iods of time the center of
. .

rotation for the Philippiné Sea and Asian plates would be very near .

southwest Japan. Since stability of the slip_gradient cannot be_estab- .. _ . . .

lished, the average slip of 12 ﬁeters is considered the rhost reliable
measure of underthrusting during this earthquake. :Considérétion of the
backsliding after the earthquake as a response to overshoot 1eads to a
reductiqn of the -ave-rage slip to 8 T 4 meter-s,: which for the recurrence
interval of 100 years yields a slip rate of 8 T 4 cm'/yr._b Alt‘r.ough shp
is one of the least well—deternlined.parametefs bf. the fault models, the
accuracy of thié sl£p rate is 'probably comparable with the acéuracy of

: 1. : -
seismic slip rates [Daviés and Brune, 197&] or those determined from

magnetic anomalies [e.g., see Le Pichon, 1968] computed for other

regidns. If the age of the oldest set of térraces (th.e Hane-saki terraces)
is >accepted as 170,000 years then the Philippine Sea plate hés been
descending beneath'south"we.st Japaﬁ at nearly this rate for at least that_ _
-period of time. |
If underthrusting adjacent to the Nankai trough has cortinued at
 this rate for one million years the Iength of the inélined slab would be
- 80 km and the bottcjrh of the slab wo>u1dbbe ﬁgarly 5‘0.k1n beneath the bot.to‘m
of the Iithosphfere or nearly 100 km beneath the sgffgce. This is probably

an overestimate of the depth to the deepest earthquakes in this part of

—

Japan based on accurate hypocenter determinations [e.g., see Ichikawz,

PR

1961 and 1965; Minato et al., 1'965]. The absence of active voléanism in

-



this part of Japan suggests that the slab has not reachéd depths greatly
in excess of 100 km because volcanoes in adjacent pafts of Japan form

above those parts of the inclined seismic zones in the depth rance
A 2

T TTbétween 100 km and 200 Km [e. g. , see Matsuda et al., 1967]. This

evidence favors a geologically recent onset of ﬁﬁderthrusting along the
Nankal trough. An onset less than _6ne millioﬁ. years ago may .be
reasonable. I
There is also evidence from echograms .across t{he Nah:'l%%iz;rbugh
_ consistent wi‘t'n a geologically; fecen}: o;}set of-'underthru-sting '[.-Hi'lde et
al., 1969]. The turbidites invthe’trough appear to have the same dis-
iributioﬁ as those in tbe adjacein‘t basin except for the .tqpinost lé.yer
' that,thiﬁs toward the outer Vx;fﬁalliof. the tr‘ougl“;.. Hilde et 2l. [1969]
suggested that this layer formed siﬁ;e the trough began subsiding after'
the onset of underthrus ting. If'thié is true then the l;‘,h.inness of the’ 1ay§r

‘suggests that underthrusting started in geologically recent time. Similar’

evidence cited by Heezen and Laughton [1963] and Hamilton [1967] shows
that the formation of the Aleutian trench adjacent to south-central
Alaska cut off the supply of sediments that was a'ccumulating. on the

adjécent abysszal plain.

Slip in the Northern Izu-Bonin Region. A_triplle-poin-t is formed by the
intersection of the Japanese and Izu-Bonin trenches and the Nankai troug-h

[McKenzie and Morgan, 1969]. If the lithosphere in this region can be

_approximated by rigid plates, one of the three slip vectors describing

relative convergence between the plates in thervicinity of the triple point

B
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{ls comoleuely determined by the other two. The s1ip VeCuO” comoaued
above for recent corvergence of the philipoine Sed aod ASian plaues in
southwest Japan has a trend normel to the Nankai trouon and a vnitude
of 8cm/yr. The direction of slip betwsen the Asian and Pacific ‘plates

in this region infermed from slip VerOPS deuermined irom magnetic

an@nalies [e.o , see Le Pichon 1968] and mechanism solutions for

recent earthquakes [Isacks et al., 1968] is nearly peroendicular to

the Japanese trench.’ For an estimate of the rate ofvconvergence along

‘the Japanese trench the seismic slip rate of-22cm/yr [Davies and Brune,

1971] was chosen e&e&sﬁe;ii¥~because it is consistent with the . rate of

) e bevit
8em/yr inferred for southwest Japan in that SOutnwest Japan.ge‘seismical]y
W \6'/27}71’ ey

much less active u%—efeeenv than the region of the Japanese treﬁch.
A

tes of convergence determined from magnetic’eooaalies‘[eLg;l;see
Le Pichon, 19681, are as much as a factor of two less fhén.the seismic-
rate.. |
The seismic rate of’22cm/yr mey be an'overestimate. If.oVevshoot
similar to that inferred for the 1946 Nanxaido earthquake also occufred
during underunrustino on the continental slooe adjacent to tne Ja ese
trench the computed seismic slip would be overestimated."A similar bias

of nearly 10% would result if the 1933 Sanriku ear‘oquake was includeo

in this estimate because, as Keﬁamovi [1970] sqowed thi event occurred

on a normal fault and thus did not cootribute to convewgence betweeo ﬁhe
plates. If this is a region of high stress as Mogi [1968] suvvested based
- on the comparatively small size of the aftershocx zones the seismic s
'would again be overestimated. Although it is 1mooss1ble to accufately

estimate the error in this slip

.
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rate Davies and Brune [1971] suggest that in general estimates of seismic

slip can be in error by a factor of two or more,

From computed rates and directions of convergence between the

Asian %Pi?..aglf ic plates and the Asian a.nd _Philippine _Se a-_pl.a.te.smin:..the U

.

vicinity of the triple point it isveasily shown.‘(vFigure'l6) that the Pacific’
and Philippine Sea plates are converging along'é s-trvike nearly normal
to the Izu-Bonin trench and at a rate of .n_early 17 cni/yr; A la;‘gé slip
rate such as this is consi‘stenf with the length of the deep seismic zone
beneath this arc. Prior to this study slfp vectors .bétwee_n the Philippine
Sea and Pacific plates were unknown due to the absence 'ofé simplé
spreadif_cr ridge in the Philippine Sea and a lé_ck of feCe-zxt 'shal;o._w earth-
. quakes of large magnitude albng the convex side of the' Izu-Bonin Arc

. e ' ’ e
[Le Pichon,1968; Katsumata and Sykes, 1969].

A slip rate for this arc inferred from mbments of shallow earth-

4 -

quakes [Davies and Brumne, 1978] is appreoximately one order of magni-

tude less than that computed from the plate mocdel used in.this study. This

disparity can be explained by a temporary decrease in seismic activity;

however there may also be a fundamental error in the assumed plate

Ea%e

;i .
. Y : .
model for this regzon.A Karig [1971] suggested thzt a series of en echelon
troughs within the northern Izu-Ronin arc may be the beginning of an

inter-arc basin such as the one west of the Mariana arc. If this is correct

-~
-

the rigid plate assumption must be modified ard consequently at least part

of the slip between the Asian and Philippi
_ : P

—

t

¢ Sea plates may result from

- spreading within the plate.



Stability of the Triple Point. The intersection of three trenches poses

a stability problem [McKenzie and Morgan;' 1569]. In general a friple

¢ point formed by three trenches is unstable; i.e., it will move relative
N

to whichever plate contains the coordinate system. Because the.slip . ... ..

vectors between the three plates are nearly_per.pen'dictlar to their
respective trenches the stability criterion is 4trivia1:- t.he tr‘iple point’
is stable only if two of the trenches are 'pAerpendiculé.r to each other.
The s‘tz;ike of the Nankai trov;gh is within 11;’ of being perp:rs-ndicula‘r .to ' S
the Izu-Bonin trench. Therefore r'e_:ga.rdless. of the magnitude of the
Slip vectors the triple point will mo'v.e sl..oivly- if at all. If the seis;nié
slip vectors Vdis cussed previgusly are assumed to be reasonable
- approximations to the long—tvé-r'r-n average vectors, then by thé construc-
tion s.hqw'n in Figufe 16 the triple point migz"a-t'és toward the south along
the Nankai trougﬁ about 14 km in one hal-f million years or 0.3 ci‘n/’yr.

This migration rate is more than one order of magnitude less than that

suggested by McKenzie and Morgan [1969]; however, in contrast to
experimentzal evidence presented in this study, they assumed that the
slip vector adjacent to southwest Japan was not perpendicular to the

Nankai trough in which case much larger rates of migration are possible.

. SUMMARY

The mechanism for the 1946 Nankaido as well as other megathrusts

can be visualized as’a spring loaded block in frictional contact with an "

‘inclined plane. In this simple system the ratio between the dynamic and

static friction (that for a real fault in general is a function of time and

~



position on the fault surface) will control the motion of the block. The

maximum amount of stored elastic energy is determined by the static

L ’ . - _
friction. If a continuous driving mechanism is provided such a system

- will respond by a sequence of movement s.that.will.be.periodic-as-long-" - —-

as it is driven at a constant rate [e.g., see Burridge and Knopoff,

1967]. ' ' . ‘

In terms of plate tectonics the idealized ‘model pr‘evio.usly
described is analogous- to 2 boundary between ’conve‘rging plates of
lithosphere illustrated in Figure 17. The focal region for such a mega-
fhrus’c_ is hundrecis of kilomieters wide and thusv in_c-l'udes moét of the
adjacent island arc. During pre-seismiic perioés the fault is "locked”
and the leading edge of the rdégathrust,_ié dragged down .wit.h the des-
cending slab of lithosphere. .Althoﬁgh the driving me chanism or
mechanisms for this convergence as well as the remaining glo‘pal
pattern of plate movements are n.bt‘comple_tely u;n.d‘erstooﬂ ,t.hese move -
meni:s are undoubtedly driven at rates that'ére constant during periods
of time thaf are long in comparison with recurvremice times for major
~earthquakes. Thus a2 constant réte of strain buildap might be expected

along those portions of the plate boundaries where earthquake sequences

include relatively long periods when the boundary is locked.

- When friction between the opposing plates of lithosphere can no

Ionger keep the fault from slipping an episode of strain release is

\\

initiated, most of which occurs during a major earthquake:. Net move-

ments during periods of strain release, illustrated in the lower diagram
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of Fiéure 17, is opposite in sense to pre-seismic movements. Following
a period of strain release that may last ééveraly}ears, as was the case
for the 1946 Nankaido earthquake, a _rlew7 period of strain buildup 'beginAs.'

In regions of underthrusting one can imagine a sequence of move-

———-—ments—consistent-with-reb oim’dft'he’or’y‘ sucHh fhé’t’“t"ﬁere Alé"ri'é"p'é_"rm'anent . e
deformation of the frée ‘surface which with referencé to the model in
Figure 17 would imply:t‘rllat the overlying plate o? lithosphei'e is dr‘agged
down from an equilibrium position before an‘r-:art}-‘lquakej and retufns :

' bto that positio'ﬁ after the earthquake. During such a sequence of move-
'me;’lts the oceanic 1ith§sphere would désc;‘n‘&;ﬁ(in a doxvnfﬂip ’Ac‘l.ix"ec'tion)

: into the.upper mantle a ,distancfe- equal fo the amount of siip b'e_twéervl'- the
plates. Contrary to the earthquake sequence just outline&, numerous A
.examplés of>up1ift§d terracé.s 1n southwest Japanand in se\}¢fa1 other
regions of undert.hrust.ting are conclusive eviden‘cez for peivrni'anén‘t
defqrmation that is a common and :possibly ithitablé cons’eqﬁence of
underthrusting. |

A possible explanation for this pefmanent defoz;gnatioh.is that'thé'l

overlying platé of litﬁosphere Qveriideé Zthe ocean'i‘q liého.sphevré'a-t' the
time of underthrusting, thereby causing a -flex.ﬁre‘. in the-?c;?efi;_idingv
plate fhat along portions of the shoreline is reéognﬁzeda_s a Iow terr'a.'c;é'.
This explanation implies that there is a“ >regional compresswndrwmg
the Vplates.of the lithosphere together., As illustra’tea in F;gur'e 17, a ﬂexuré_

caused by overriding will grow with each episbde of strain release and thus

— .
- -

impose increasing stress on the converging plates unless such stress is

relisvied by faulting or some other form of stress relaxation.

.



-In Japan and other regions of plate convergence there is a spatial

correlation between permanent uplift or subsidence of shorelines and

the displacement fields generated by major underthrusting. Such a -

correlation is suggestive of a permanent flexure in the overriding plate

tHat TSIt fFom SUCCEs5ive underthrusting movements, Vertical _ ‘
movements within the focal regions of the last three Nankaido earthuékes
correspond closely to .,the distribution of permanent uplift or subsidence of
shorelines; i.e., peninsulas nearest the .ep‘icenters ére uplifted and a
broad zone of subsidence is formed behind the peninsulas. In soﬁthwest
Japan these movements have continued for approximately 100,000 years
andApossibly much longer depending én the time for thé onset of under -
thrusting. Alorig the east coast and other pa.rts ~ofvthe southwest coasf of '
Honshu there is evidence for a similar correlation bétwgen .pen‘insulas

with permanently elevated shorelines and interrhitt_eht uplift during large

off-shore earthquakes [e.g., see Watanabe, 1959]. Similar evidence,

although based on fewer and less precise observations, "h'aye'been reported: R

from other zones of underthrusting; e.g., ir south- central AIaska[Pl'af.ker' o

and Rubin, 1967; Plafker, 1969] and in Chile [Plafker and Savage, 1970].

Indirect evidence suggests that near focal regions of some recent

megathrusts there is a change in tectonic stress ¢consistent with the



ersonal communication) pointed out an apparent tine corrélation
_ F . - L

between earthquakes with extensional mechanisms consistent with

normal-faulting on the suter Wills Of deep-§ea Trenches and recent
underthrusting on adjacent porfions of the inner wélls of these trenches.
For example, Isacks [197] found that after the Chilean megathrust
there was normal faulting in fché sedimeﬁt-ﬁile& trench adjacent to

the aftershock zone during the periold from 1963 to 1é65.- The onset

.qf f;his activity is not known be_causve da'ta we_rel;ckirig for the two years
imrnediately following the ser-ieé of nua_inshoéks m May ofI960 Stauder
[1968b] feported several sol{utio.ns. of this tyée -for éérthqﬁa_kes in the
Aleutian tvrench. Althéugh this» activity .does: not éor_relate perfectly
with recent underthrusti_ng this trench does péfallei one of the most
active zbnes of recent .underthrusting. In contrast thére has Beeﬁ in.
recent years little evidence for n.ormal faulting from recent earth.qua.kes
with 1\/1&6 in the ’1‘0nga-Kermadec trench (Molnar, pgrsonal cémmuﬁi;
cation); neither has there been a méjor episode of uﬁderthrﬁsting'

4

adjacent to this trench [Isacks et al., 1969]. Thus there appears .t-o_>bve

a correlation (the details of which'are not understood) between major

underthrusting on the inner walls of deep-sea trenches and extension

on the outer walls that may be explained by 'ﬂexural_sfrain generated by

overriding of the underthrust plate.
~— N
..

Sequences of movements similar to that illustrated in Figure 17

are undoubtedly in progress on most if not all boundaries between -

s
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converging plates of lithosphere. In general these earthquake sequences

are not completely in phase with one another as evidenced by. the fact
. ‘ ) -

that earthquakes rupturing the plate boundaries do not occur at the

‘lated strain along most of the plate boundary between the Honshu and

" Ryukyu arcs occurs by either a short series of large earthquakes

closely'__spaced in fim.e Suc.h.a's océurred. -ip,thef‘,‘;nid—mllo‘s and in 1854 :
or by a single gréat e&er_lt. such ash' occﬁ‘rr.ea m '1707 .[Imarﬁu_r_a_, 19'22].

In regions of island arc tectonics such a.s Japaﬁ the great thrust
faults on the convex sidgs of the arcs generatélve}rtical ajﬁd'horizontal-
movements that can be meémmed by geodetic methods across the entire
width of the; islands (e.g., s”ée Figures 9 and"zl'd).. Méaéuremgnts
within a given focal region during pré—széifs‘mic periods will r.evezil move -
ments that are opposite in sense and much smaller in rnagﬁi’tude than
seismic movements. The sum of moverents during repeated gecdetic
sur‘}eys throughoﬁt the islénd arc will in general include seisrﬁic and
pre—seisfnic movements generated at diff;reﬁt times along different.
segments of the thrust zone. The sum of these out of phase movements
cannot be interpreted 2s permanent deformation of the island arc.
because _80 or 90% of this sum is eV'entuélly recovered during eafthquéke’st
and post-earthquake adjustrents.

F"of the 1946 Nankzido earthquake movements during each of the
three stages in the eafthciuake sequence, t'ﬂe pre-seismic, the seismic,:

and the post-seismic stage, are interpreted as slip, either real or virtual

R4
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(strain buildup), on the surface of a complex megathrust. . In contrast

" to average parameters for the fault determined from seismic data the

L4 - .
geodetic data reveal '"fine structure' such as a gradient in slip parallel.

_to the strike of the thrust. _The post-seismic movemenis-are-shown to = - -- -
bhave a "memory" for the mechanién_l of faulting at the time of the

earthquake; e.g., fault motion during the 1946 Nankaido earthquake

inferred from post-seismic movements was underdamped on the upper
portions of the fault surface and overdamped on the lower portions.

A potentially important implication of underdamped faulting is

that the resulting over-shoot, unless recovered immediately will cause
an overestimate of net slip between the plates. Inferred over-shoots

at the time of the 1946 Nankaido earthquake account for 1/3 to 1/2 of the

total slip in the forward direction. However, corrections of this magni-

tude at present are not important when estimating slip from seismic

b

moments [Brune, 1968; Davics and Brune, 1974] because such éstimates

may be uncertain by a factor of 2 or more. .

Problems encountered in interpreting faulting in terms of average

-plate motion can be avoided if as in the case of the' 1944 earthquake the

“rate of virtual slip during periods of strain buildup is equivalent in

magnitude to the average slip rate between plates.’ Thus repeated surveys

during periods of strain buildup can be directly interpreted as relative _

plate motion. However, at least three surveys are needed during periods

\\

between major earthquakes to be certain that the movements are increasing
4 ) A Py

at a constant rate. Nonlinear rates, if they exist, could sucocest remonatory
. ; =P P ¥
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movements of a future earthquake or long-term adjustment from a

past earvthcﬁia‘ke:- -

The 1946 Nankaido earthquake initiated a period of st:éin release

-that continued -for ap_p_x_'oxim,a_tely__thr.e.e.._yaa.r.é-‘a-ngi-.-i-gc-lqi-de-d-£a~u-l~t—-rn«o~ve-"' e
.ments that were a.seismic as well as seisnlici. The poAst—sreismic deforma-
tion in the southwestern end of the focal region took place without aftexj;
shock activity whereas similar r.novemen.ts in the Az}ci'rtheastern end of

the focal region were accombaniéd by afte.rshock act1v1ty This. rééﬁlt

is consistent with measurements of post—seisrr;ic rndveménts (shown in
Figufes'lz, 13, i4, and 15) showing that during the period o.f adjustment
follo.w-i-ng the earthquake the rate of strain release in the ;.rlortheaistern
parté of the focal region was Alocally about five times greater 'tha.n the rate
in -the southwestern part. | Thué-the size of the aftér;hock zc?ﬁe corres-

ponds to areas within the focal region where strain is released at



relatively high rates. The sum of these areas may not-correspond to

the total area of the rupture.

[ 4

The rebound mechanism inferred for the 1946 Nankaido earthquake

_____Is clearly periodic in spac ;ewg,s_ xell as time. . Additio nal.g eodetic-data ~— -

of high quality is needed to better understand the»peziiodi’cify and tll-'lu.s
the predictability of these and sinuiliar earthquakes. In i;he ne;r future
space-age methods for accurately meaSui'ing lengths ov.*e'r. continental
distances such as very-long-base intérfero%ﬁetry(VLBI) and .la:sar:
ranging techniques will be available for vobtaihiﬁg these d_at.a’ [ Williams -
‘town Report, 1969].

f‘or fnonitoring strain buildup in regions of ur-lde‘rthrus‘ting. thaft
are btypicallvy se-vérgl hundredﬂkilome.ters wide techniQue§ such as thqszé '
just mentioned are potentially far Su‘plerior to sfanderd geio.‘dimeter, ‘

triangulation and leveling methods because the problem of determining

- an absolute datum from which to compute displacements is’el'i.n-lir‘la'ted
when this datum can be fixed in a stable‘r?‘eg-i:éﬁr-l-‘;chousan.ds of.kilometefs
from the zone of underthrusting, Frequent monitoring of s:train builciup
-in régioﬁs where there are estimates of the total strain reléésed dx-lrh;g
a major underthrust suéh as the regions of underthrusting in southwestv
Ja_pan,:' south-central Alaska and Chile could provide esiéentially a.

continuous measure of earthquake risk. Because the largest of the world's
earthquakes and tsunamis occur in regions of underthrusting, anytech-

—

nically feasible method for improving the predictability of these events

should be develcped as'a matter of urgency. In addition, techniques for

“.
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accurately measuring lengths over continental distances can be used to .
confirm the theory of sea-floor spreading and continental drift by
monitoring changes in distance between pairs of points in stable regions:

on opposite sides and at great distances from plate boundaries. The . .

resulting drift rates could be used to more accurately predict future -

movements (at least in a gross sense) of the plates of lithosphere.
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compaét equations for. displacement fieldé generated by _eifl:her dip 4‘slip. |
~or strike-slip on an inclined dislocation in a half _spacei:v“ Th.:roughé'u‘t
this investigation we benefitted from stii’nulating dis'cﬁséion with Prof.
Lynn Sykes. Professors Sykeé, Oliver and I-sac_ks' read vthé ménus'cri’pt
critically aﬁd suggested numerous improverr;‘en'ts v Thié. research was

supported by a grant from the National Aeronautics and Space Administration,
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FIGURE CAPTIONS

Elastic Rebound Models of Plate Bourdaries.

Transcurrent boundary: rnap view showing horizontal
deformation, on a greatly exaggerated scale, of a line

initially normal to the fault trace (dashed line).is shown

by solid curves. The pre-seismic curve gives deforma-

tion of such a line during a period of strain accumulation,

the seismic shows deformation by an earthquake, and the

sum is the total deformation for the entire earthquake

sequence.. The heavy arrows give the long-term motion

of one side of the féult i;;ith_ respect to theotheir“de
Thrust boundary: vertical seétion; heavg} a_rfows indicate
long-term moti'o‘n of one siae of the.fault ';;vifh respect té
the other-side. Vertical deformation {on a greatly éxag-'
gera?_:ed vertical scale) of an‘initially. undeiormed freé
surface is shown by heavy solid curves. The fine lines

in the three bottom figures mark the position of the
initially undeformed surface. |

Tectonic Setting of Japan and Adjacent Areas. Vertical -~
pan and Adj |

and horizontal movements at the time of the Nankaido

earthquake of 1946 occurred within the square. The ,

dotted curve maps the trace of the Fossa Magna (the north
striking line transverse to Japan) and the Median Tectonic

Line [Richter, 1958]. Triangles represent terrestrial

volcanoes that have been active historically and submarine
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Figure 3
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volcanoes, of which some may not be presently active

[ Gutenberg and Richter, 1954]. - - .

Terraces and the Leveling Network in Southwest JAapan.A'
Along.the .coa s;,tli n es-0f the.st fi-p edreg tons-are -mumerous
examples of uplifted marine terraces [ Watanabe, 193%,
1948-, 1959; Yonekura, .1968]. Léveling_ data used'-in this
study comes froijn a network of sﬁrvey lines mapped as
dashed and dot-dashed curves [Geogr. Surv. Inst. of
Japan, 1967]. Data for .pro.ﬁles A, B, C and Kii .com.e
from thése 'p.arts of the network mapped as- dashed cﬁrves. ?

The large numbered dots correspond .to principle bench -

marks. Epicenters of recent earthquakes of large mag-

Figure 4

nitude are 1, the Nankaido earthquake of 1946, 2, the
Tonankai earthquake of 1944, and 3, the Mikawa earthqualké
of 1945 with magnitudes of 8.2, 8.0 and 7.5 respectively
[Matuzawa, 1964]‘.‘ The checkered areas represent batha-
metric depressions, the most outstanding of which is the
Nankai Trough [ Kaneko, _1966&]. Areas T and H correspond

S o
to the Tosa and Hyuga basins réspectively [Kaneko, 1966].
. ’ - N A

The Recent Hiétory of Tilting at Muroto Point. This figurie

is adapted from a similar figure in Okada and Nagata [1953],.

and shows tilt of leveling lines projected on a vertical plane
— . . - N .
~

striking SSW near Muroto Point. NNE tilt is in the posi-
tive direction. A solid line or curve is used when the

s

ol



bistory of tilting is extrapolated between measured values.

The length of the double headed arrow is an estimate of
. : ’ - s

. the permanent tilt at the time of the Nankaido -earthquake

of 1946,

- ‘

Figure 5 -Seismic Uplift and Subsidence of the Coaétline. The dots
—-give a-ppro-xirnate locations fof m_easuren-lents (in centi-
~meters) of uplift (positive) or Sugsidence (negative) at

the tirn-.e of fhe Nankaido earthquake [Geogr. Surv. Inst.
of Jépan, 19-’-}8; W:atanabe, i948 and 1959;. Matuzawa,

_ 1964]. The four insets are srnoothe.d records.from tide
gauge stations Q.riginally presented in a réport on the
Nankaido earthquake edited-by Kawasami in 1956 [M-
zawa, 1964]. Note tide gauge readings give changes in
local sea-level thus a poéitive change in sea-level

corresponds to subsidence of the coast.

. Figure 6 =~ Seismic Uplift and Subsidence of Southwest Japan. Contours

of vertical displacement are based on data from leveling

surveys of first o.rder precision corﬁpieted befbre_ and
after the N>ankaid._o earthquake of 1946 [Geogr. S_urv.. Inst.
of Japan, 1967]. Contour spacing is 100 mm. Dots give
locations of d.ata points where contour's- .cross the network

of survey lines. Uplift relative to mean-sea-level is mapped

: .by solid contours.

Figure 7 Seismic Activity and the Tsunami Generating Region. ‘Recent

.

-



earthquakes of large magnitude located in or near south-
west Japan are identified by name and date [Matuzawa,

1964]. The arrows point to relocated epicenters for the

-————Tonankai-and Nankaido earthquakesTRelocated épicenters

Figure 8

19697.

“for aftershocks of the Nankaido earthquake reported in

the ISS (International Seismic Summary) during the first
month after the _mainshoc‘kn'are identified by small solid

circles (for the less well determined locations) and open-’

~circles (for better determined locations). The solid

curves enclose the aftershock zone of the Nankaido earth-
quake and the southwest end of the aftershock zone of the
Tonankai earthquake one month after the mainshocks

[Mogi, 1968]. The most active zones of shallow earth -

quakes are mapped as striped regions [Imamura, 1928;

Matuzawa, 1964; Ichikawa, 1965; Huzita,. iésg]{ The
barbed line marks the surface'trace of iﬁferred tﬁrust -
fault that ruptured at the time of ﬁhe Nankaid‘o earthquake.
The heavy curve‘éncloses the central source éf-eé.for tﬁe
tsunami generated by the Nankaido rupture [Hatori, 1966].
The >Kinki triangle is a type area fbr»late’HCé‘zn-ozo:ic to ‘Recé'nt.

folding and faulting in the interior of SW Japan [Huzita,

.

Fault Models A and B. U, the slip, is given by the dashed

lines. H, the down-dip length of the fault is gi\}eﬁ by-the

s’
.



solid lines. Solid circles are projections of the epicentér
for the main shock onto the infexrred trace of the fault,
The length and position of the aftershock zone one month

after the mainshock are taken from Mogi [1968] -

~———Figure 9 ~—WVertical-Bisplacemen t-Computed - fo rFaultModel A.

Displacements are given in millimeters.

Uplift is con-
toured with solid curve‘s' and sub.s_idence. is contoured with
‘dashed curves; The closely spaced contours on 'the. sea- '
ward side of the fault trace_ from north to south are 1 mevter,
800 mm and 400 mm contogrs. : Model A 1s illustrated in

Figure 8 and discussed in the text.

Figure 10 = Measured and Computed Horizontal Movements at the Time

of the Nankaido Farthquake. Contours map the co_mp_one‘h‘t

of horizontal displacement (in meters) perpén’dicﬁlar to.

the strike of the fault computed for Model A (Figure 8);

Ye press f - '

Solid contours fex displacement:in the southeasterly direc-
tion. The solid_cAircles ar;z Io‘cations'of fifst érder t?iangﬁ.].a—
tion stations and the numbers are e.djusted\magnitudeé of
horizontal displécer‘nent in meters (see tgixt fpr 'explana.tio’n)._,
The ke avy line bétween contours 1 and 1/2 .r,eplz'é;érits the

base line for the triansulation network.
. o

Figure 11 Direction of Horizontal Movements. The solid arrows

-represent directions computed from triangulation data

-l

- - s

assuming a base line in central Honshu represented by the
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Figure 12

perpendicular to the inferred trace of the meéathrust. The

Figure 13

Figure 14

heavy line [ Geogr. Surv. Inst. of Japan, 1?52—]. The

dashed lines represent corresponding directions computed

from Model A (Figure 8). The trace of the fault is

Teépresented by the barbed line.

. Profile A. From top to bottom, pre-seismic, seismic,

post-seismic and the sum of seismic and post-seismic
vertical displacements (in mm) of eastern Shikoku

(Region A in Figure 3) are projected onto vertical blér{"és '

abscissa gives the distahce (in km) from th-e trace of the
megathrust., The dashed line represents the p’osit.ion of '
the hinge line for the r-naeri.ne terraces (V_FAigurg‘Z)..‘_ The
,dottedv cu.'rves are computed fits (in a iea_st-SquareS sensg:)
to the profiles (Table LI gives the pararﬁeters for these
solutions).

Profile B. Vertical displacé’rnénts {in mm) of east-central
Shikoku (Region B in Figﬁre 3)'duringi the Nankaido earth-
quake are projected onto a vertical plane pe‘rp‘:-ev;ndicular to
the inferred tracé of the megathrust. The abscissa gives
the distance (in km) from the traée of the megathrust. - Tilé
dotted c‘#rve is the computed fit (in a Ieast-Sqﬁares se_néej

to the profile (Table III gives the parameters for this

solution). .

Profiles C. From top to bottom, pre-seismic, seismic,

s

A
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first post-seismic and second post-seismic vertical

displacements (in ram) of west-central Shikoku (Région

C in Figure 3) are projected onto vertical planes perpen-

“dicular to the 'i-nferréd'trace of the mégathrust. - The
- abscissa gives_ the distance (in km) from the trace of the
megathrust. The dotted curves are computed fits (in a

least-squares -sense) to the profiles (Table III gives the

parameters for these solutions).

Figure 15 ~Profiles Kii. From top to bottom, tp}'re—éeis‘mic and seismfc
 vertical displacements ' (in mm) of thé We_st.ern, coast o f the
Kii peniﬁsula (Region Kii i‘n Figure 3) Va.re.pr_ojectecll 6n
" vertical 'planes perpe\ndicular to the-vin'-ferréd_ trace of '_cﬁe
megathrust." The abscissa gives the distance (in I\rn)

from the trace of the megathrust. The dashed line repres-

v

ents the position of the hinge line for the marine terraces
(Figure 2). The dotted curves are computed fits (in a
least-squares sense) to the profiles (Table III gives the

parameters for these solutions).

Figure 16 Slip and the Triple Point. The triangle illustrates the .
calculation of the slip vector (dashed line) for the
-. Philippire Sea and Pacific plates knowing the siip vectors

(Solid;l_i_ges) for the Asianand Philippine Sea plates and

for the Asian and Pacific plates. 'Regions A, B, and C

represent the Asian, Pacific and Philippine Sea pIateé



~-Figure 17

respectively. The dashed outlines represent the config-
uration of the'downgoing slabs after 1/2 million years of-

underthrusting. The migrations of the triple point (only-

14 km) is given by the intersection (x%/ithin the .circ':l-'e)‘ of

- the dashed line representing the new position of the Izu-

Bonin trench and the solid line representing the Nankai-

‘trough.

" Interaction Along a Gonvergent Plate”Boﬁndary.: In these

schematic diagrams the shape of the free surface is

greatly éxaggerated nea;; the boundary betwee-n the épf)osing
plates. The arrows indicate the continuous 'd_esceﬁt of

the oceanic 1itﬁosphere into th‘e, upper maﬁtle.- The_"”lock—
ing" of the plate boundary dﬁring pre;seisfn;c stfé.in"
buildup is graphically illustrated Aby thé bolt jhol':din'g the
two plates togethér. At the time of an earthquake the bolt
is sheared and élip occurs between the p'la,‘tes;. Uplifféd
terraces are accounted for by the flexuregn thg ;Dvefriding
plate. - Consequently a new equilibriuxﬁ configur‘a'tio'n‘ for
the plate boundary is establi—sheci after compIetlopofeach
episode of strain release. In trheA b-bt.toin..figu.fé"the.:sm_enxll
opposing and oppdsitely directed arrows in.th'e_ underthrusj:
slab repre.sent.c.ompressionand. tension resp_ecti\.«-e'aly near

—_—

the free surface.
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TABIE I-

' , : Least Square Solutlons to Leveling Data in Reg;ioh A

(Eastern {:‘)hiko}a,l)t . ‘ i

|
|

Dip (dégrees_) ' _ Slip (meters) H (km) R (km) " Standard Deviation (mm)
lO . 3 3 69 : f | 168
20 3 57 43 » 101
s S no 29 8
30 - 5 g2 T - 72
35 S TR g ey
o S o 87 Y o7
B 2 N So-0 69
R Cw % 80
t Faﬁit constrained to intersect the free sur_facb

Fault strike fixed at N70°E . o | |
Half length 160 km S . - | i
Origin of coordiﬁates 135,1°E, 32,8°N | i

H Down-dip length of fault plane.

" R:.. Horizontal translation of fault plane perpendicular to strike relative to the origin of coordinates
(Positive direction is NNW) '




TABLE II:

' Least Square Solutions to LeveHng Data in Reglon C

(Western Shikoku)

!

Dip (degrees) Slip (meters) H (km) R (km) ‘i:andard Devlation
20 B -8 213 S A20 51
0 13 - s ~60 48"

/' L ..

35 18 113 -28 7

o oo o S S L R -35 49

45 | i | 112 | -9 63
t . Fault coﬁstrained to in‘tersect the free surface

Fault strike fixed at N70°E

Half length 160 km

Origin of éoordinate‘s 135,1°E, 32,8°N
H Down-dip length of fault plane

R - Horizontal translation of fault plane perpendlcular to strike relative to the origln of coordmates

(POSIthC d1rect on ig NNW)

'



" Reglon

“Least Square Solutions to Leveling Dat

TABLE IIT

S1lip*(meters)

at

Time H (km) Standerd Deviation (mm)
A 34 yrs, pre-earthquake -1 (=3) 11 29
(approx, 1896-1930) :
1929-June 1947 7 . ol 68 :
1929-1964 Vo 124 83 P
B.,/',./ 1937-Sept, 1947 1, 97 76 ':
c 34 yrs. pre-earthquake -4 (~12) 2 86 33
(approx, 1896-1930) : :
) , . i
1939-Aug. 1947 .18 L - 88 62 !
. ) ) l
1948-1950 -11 . 48 58 A1l data’ pts. included
: _ 1
1948-1950 -5 © 70 30 Only uplglrt data
o i
1950~1964 -7 55 .24 A data’i pts. included
1950-1964 . ... w6 59 15 Only uplift data
1939-1950 - . 15 | - 93 8l |
K11 34 yrs. pre-earthquake -2 (-1 1/2) . 8 30 i
(approx, 1896-1930) i
. 1928-1947 6 55 58 - }
_ . ‘
. : _ {
't Fault const.rained to intersect the surface H Down-dlp length of fault plane |
Strike fixed at N70°E; -Dip fixed at 35° ) . ‘
Half length 160 km () Virtual slip accumlated during an average

Origin of coordinates 135, 1°F, 32,8°N

*  Negative slip comesponds to virtual slip during periods -
of straln accumulation or real slip during backsliding

recurrance interval between N'mkaido earthguakes
of 100 years



TABLE IV"
“Tilts of Southeastern Peninsula of Shikoku

“(including Muroto Pomt).

Tiltk _
irnrri/km s'ec of arc - " Deformation R , Time 5 ! Data
-7.0 -l.4 - - Strain : - 1896-1929 o Leveling1
-8.5 -1.7 . Strain | ‘ _ ' - 1896-1935 Leveling1
é9. 0 - 5.,.7 . - 18 yrs strain plus earthquake 1929-Feb. 1947 Levelin’g1
' ’ (including permanent tilt) and 2 months |
. of post-earthquake adjustments !
26,2 5.3, 32 yrs strain plus earthquake and ' 1929-19‘64 ) ' Leveling1
N o / : 3 yrs of post-earthquake adjustments : ( §
e e —————— e o e e R S
-18.6 . -3.8 - Total strain ‘ o ' 89 yrs from 1857 (3 yrs after ' Extrapolated
‘ : : ' : ‘ ©° previous Nankaido eq.) to : from leveling
Dec. 1946, g ;
3.8 6.5 . . Earthquake . D _ Nankaido earthquake I Extravolated
(including permanent tilt) : ' i from leveling '
13.0 2.7 1 ~ Permanent tilt ‘ ' Nankaido earthquake | Extrapolated
‘ ' - ' o 'y from leveling
6 1 . . Permanent tilt . o - 100:yrs (out of 90, $1010))] | ‘LowérlMuroto-
Co . : ' % Misaki Terraces
6 1 : Permanent tilt o D 100 yrs (out of 170, 000) ! Lower Hane-
. : ' : | saki Terraces
e e e e e e e e e e e e e e ——— e ;e e e ——————— - S
t Oniy data from western side of promontory, negative tilt is toward SE, ‘
* Projected on a plane stri1<i11g NZ2n°w, i,e., perpendi‘éular to the strike of the fault.
1 'Gcograohxcal Survey Institute of Japan (1955) and unpubhshed results of the 1964 survey (Okada uersonal communi -
_ cat10n) o
2  'Yoshikawa, Kaizuka and Ota (1964),
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